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Abstract

Environments of tornadic and non-tornadic narrow cold-frontal rain bands
(NCFRs) are investigated using ERA-Interim reanalyses for a sample of 114
events over the United Kingdom and Ireland (44 tornadic). The results offer a
practical tool for prediction of the likelihood of tornadoes in these potentially
high-impact events. Of 22 analysed parameters, a bulk measure of shear vortic-
ity, and the front-normal wind component on the cold side of the front, yield the
best discrimination between event classes, showing significantly larger values in
tornadic events. A generalised measure of tornado probability, p[ TN], is obtained
using the distribution of points within the two-dimensional parameter space
defined by these parameters. Synoptic situations commonly associated with tor-
nadic NCFRs are identified and conceptual models describing the large-scale
evolution are developed. Most events are associated with developing secondary
cyclones (i.e., frontal waves) along trailing cold fronts (>54.5%), generally within
west to southwesterly large-scale flow. Another significant class of event corre-
sponds to situations where a strong mid- to upper-level jet streak cuts across the
front within an amplifying large-scale flow pattern (upstream ridge building and
downstream trough extension), generally within northwesterly flow (27.3%). In
frontal waves, tornadoes occurred relatively early in the wave’s development and
just down-front of the wave centre, where rapid increases in p[TN] occurred
as the wave amplified. In northwesterly flow cases, tornadoes occurred along a
well-defined NCFR bulge close to where the mid- to upper-level jet streak and
an associated positive potential-vorticity anomaly intersected the front. Analy-
sis of a high-tornadic subset of tornadic events (NCFRs producing >7 tornadoes)
revealed an even stronger association with frontal waves (72.2% of cases), sug-
gesting that the highest-impact events are usually associated with secondary

cyclogenesis. The possible relevance of identified environmental parameters to
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1 | INTRODUCTION
Narrow cold-frontal rain bands (NCFRs) are an impor-
tant source of tornadoes in the United Kingdom (UK).
Mulder and Schultz (2015) found that 42% of tornadoes
occurred in storms exhibiting linear morphologies in radar
imagery over the period 2004-2012, of which NCFRs
are a major subset. Clark and Smart (2016) found that
34.1% of tornadoes over the period 2003-2012 were asso-
ciated with NCFRs specifically; this percentage increases
to 48.8% when the weakest tornadoes (TO or T1 on the
International Tornado Intensity [T] Scale: Meaden, 1976a)
are excluded. Furthermore, NCFRs have been respon-
sible for many of the larger outbreaks of tornadoes in
the UK (Meaden, 1976b; 1978; 1979; 1983; Elsom, 1983;
1985; Meaden and Rowe, 1985; Turner et al., 1986; Aps-
ley et al., 2016). In spite of these facts, only a minority
of NCFRs actually produce tornadoes. For example, of 90
NCFRs identified during the cool seasons of 2003-2010,
Clark (2013) found that only 28% produced one or more
tornadoes. This raises questions about how tornadic
NCFRs and their environments differ from non-tornadic
ones. Furthermore, questions exist about the timing of tor-
nadogenesis, given that the tornadic phase of an NCFR
tends to be short compared to its total lifetime.
Environmental parameters traditionally employed to
forecast tornado risk in supercell thunderstorms and
quasi-linear convective systems (QLCSs) show little skill
in NCFR situations. Pre-frontal convective available poten-
tial energy (CAPE) is usually small compared to that
in typical severe thunderstorm environments. Whilst sta-
tistically significant CAPE differences have been found
between tornadic and non-tornadic NCFR environments
(e.g. Clark, 2013), absolute differences are correspond-
ingly small. Similarly, bulk measures of vertical wind shear
cannot discriminate between tornadic and non-tornadic
NCFRs, in part because strong low-level vertical wind
shear is almost always present in NCFR environments,
tornadic or otherwise (Gatzen, 2011; Clark, 2013). The
consequent difficulty in forecasting tornado risk is com-
pounded by the lack of conceptual models of synoptic or
mesoscale situations favouring tornadogenesis in NCFRs.
These issues mean that, until now, it has not been feasible

candidate vortex-genesis and tornadogenesis mechanisms within NCFRs and
quasi-linear convective systems is discussed.

front, frontal wave, narrow cold-frontal rain band, NCFR, reanalysis, secondary cyclogenesis, tor-

to issue forecasts of NCFR tornado risk for individual
cases, even in a generalised sense (e.g. area-averaged tor-
nado probabilities).

Analysis of the near-surface wind field has been shown
to offer potential as an alternative method of predicting
NCFR tornadoes. Clark and Parker (2014) (hereafter CP14)
found that tornadic NCFRs usually exhibited large verti-
cal vorticity at the surface front and a large front-normal
component of flow in the cold air. Furthermore, torna-
does tended to occur immediately after, or during the latter
stages of, a period of increasing vertical vorticity, leading
the authors to postulate that vortex-genesis and associated
tornadogenesis occurred as a result of the onset of horizon-
tal shearing instability (HSI). Only a small sample of cases
was investigated, however, leaving some doubt about the
generality of the results.

In a reanalysis of the NCFR of 23 November 1981,
which produced the largest tornado outbreak on record
in the UK, Apsley et al. (2016) similarly noted the impor-
tance of vertical vorticity along the frontal boundary. They
found that tornadoes occurred only where large abso-
lute vertical vorticity coincided with positive CAPE in the
immediate pre-frontal environment. As in the CP14 tor-
nadic cases, the wind field exhibited a near-90° veer across
the front, and post-frontal winds were orientated approxi-
mately normal to the NCFR. The role of temporal changes
in parameters was not analysed for this case, however.

In this study, European Centre for Medium-range
Weather Forecasts (ECMWF) reanalysis (ERA-Interim)
data are used to examine the environments of a set of
114 fronts exhibiting NCFRs' over the UK and Ireland (44
tornadic). The ERA-Interim dataset contains analyses at
6-hourly intervals from January 1979 to August 2019, with
a horizontal resolution of 0.75° (~80km) and 60 vertical
levels (Dee et al., 2011). The purpose is two-fold. Firstly,
the aim is to identify diagnostics that have skill in dis-
criminating between tornadic and non-tornadic NCFRs,
including testing whether the results of CP14 hold true

' A small number of the events were associated with occlusions, and so
narrow frontal rain band (NFR) is a more accurate term for the analysed
events than narrow cold-frontal rain band (NCFR). However, we use the
latter to ensure consistency with existing nomenclature.
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for a much larger set of cases. Secondly, the aim is to
clarify how values of these parameters, and therefore
tornado risk, relate to the synoptic- and meso-scale set-
ting of the front, identifying specific synoptic situations
in which tornadic events tend to occur. This builds on
work undertaken by Gatzen (2011) and CP14; for example,
Gatzen (2011) showed that severe NCFRs tend to occur at
the cyclonic shear flank of strong mid-level jets, suggesting
that dynamic forcing is important and that the synoptic-
to meso-scale situations supportive of such events may be
operationally recognisable.

The remainder of the article is structured as follows.
The methodology is described in Section 2. Results are pre-
sented in Section 3. Discussion follows in Section 4 and the
key messages of the article are summarised in Section 5.

2 | METHOD

2.1 | Selection of cases

NCFRs were identified using archived composite radar
imagery and surface analysis charts over the period
2004-2014, using a modified version of the methodology
of Trapp et al. (2005). This requires a quasi-linear radar
echo of length at least 100 km, length at least 10 times
width, and peak rainfall rates >4 mm-hr~!. Events meet-
ing these criteria for >2 hr, and showing at least some
evidence of an NCFR for >5 hr (of any intensity or hor-
izontal extent for the longer period) were included for
analysis, in order to ensure a high probability of each
analysed NCFR being present at one or more reanaly-
sis times. Association with a surface front was sought
by comparison with the surface analysis charts, so that
non-frontal QLCSs could be excluded. The TORRO tor-
nado database (www.torro.org.uk) was used to classify
each event as tornadic or non-tornadic. Tornadic NCFRs
were defined as those to which at least one tornado could
be unambiguously attributed, based on comparison of the
position of the NCFR in archived radar imagery with
the location and timing of tornadoes as recorded in the
TORRO database. NCFRs producing >7 tornadoes were
assigned to a separate class (high-tornadic) in order to
investigate whether differences exist between NCFRs pro-
ducing larger outbreaks of tornadoes and those producing
smaller numbers. In order to increase the sample size of
high-tornadic events, the TORRO tornado database was
further scrutinised to identify other instances of >7 torna-
does within a single 24 hr period between 1979 and 2003
(i.e. events that occurred within the period covered by the
ERA-Interim dataset, but prior to archiving of the com-
posite radar imagery). Non-frontal tornado outbreaks were
identified and excluded by comparison of the reported
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locations, dates and times of tornadoes with archived Met
Office surface analysis charts; any outbreak that could
not be attributed unambiguously to a frontal passage was
excluded. Since these older events occurred prior to the
archiving of UK composite radar imagery, it was assumed
that an NCFR was present in all identified cases of frontal
tornado outbreaks. In some cases, this is confirmed by
radar imagery published after the event (e.g. Elsom, 1983).
In others, surface analyses showed a sharp wind-shift
across the front and a narrow and sharp trough collocated
with the front and the line of wind-shift, features that are
generally associated with NCFRs (e.g. James and Brown-
ing, 1979). Observations of these features were therefore
taken to imply the presence of an NCFR in the absence
of radar data. Following this procedure, nine additional
high-tornadic NCFR events were identified, giving a total
of 18 such events in the 1979-2014 period.

2.2 | Definition of on-front analysis
points and a natural coordinate system

In the following analysis, a natural coordinate system (x’,
') is adopted in which x’ is everywhere tangential to the
local front and )’ is everywhere normal to the local front
(see inset panel in Figure 1a). Positive x’ points towards
lower geopotential height in the along-front direction, and
positive Y points towards the cold air. The x’ and y’ wind
components are given the notation u’ and V', respectively.
The term “up-front” will be taken as the direction point-
ing along the front towards lower geopotential heights (i.e.
the positive x’ direction), and “down-front” as the direc-
tion pointing towards higher geopotential heights (i.e. the
negative x’ direction).

For each NCFR, analysis points were defined at reg-
ular intervals along the associated front, as depicted in
Met Office surface analysis (ASXX) charts. Fronts dis-
played in ASXX charts are identified manually, through
inspection of model data in conjunction with observa-
tions such as satellite imagery. The analyses therefore
represent the best available estimate of surface frontal
positions. Analysis points were defined such that the dis-
tance between adjacent points was always <150 km near
the UK. For convenience, points were generally defined
where the front crossed either a whole degree of latitude
or longitude (whichever represented the shortest distance
between points, given the orientation and latitude of the
front). This methodology ensured that the separation of
points was large enough for each to be located within
a separate ERA-Interim grid box, but small enough for
along-front variability on scales of a few hundred kilome-
tres and larger (i.e. meso-a to synoptic scales) to be ade-
quately resolved (Figure 1a). The first analysis point was
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FIGURE 1

(a) On-front, warm air and cold air analysis points (black, red and blue dots, respectively) at 0000 UTC 28 December 2004,
overlaid on 850 hPa geopotential height (black contours at 4 DAM intervals). Inset panel illustrates the natural coordinate system used to
evaluate cross-front and along-front components. (b) Plus/minus 3 hr analysis point trajectories (black lines), derived frontal positions at
previous analysis time (cyan dots) and on-front analysis points at previous analysis time (grey diamonds), where the previous analysis time is
1800 UTC 27 December 2004. Inset panel gives an expanded view of the tornadic part of the front over the UK. Tornado report locations are

shown by magenta inverted triangles, with tornado classification of adjacent analysis points annotated “T” and “nearT” for tornadic and

near-tornadic points, respectively

defined as the location along the front closest to the par-
ent low-pressure centre, with subsequent points defined
further down-front. The final analysis point was defined
as the trailing end of the front as shown in the analy-
sis chart, or the point at which the front extended out of
the analysis domain, if applicable. Where fronts exhibited
large curvature, the spacing between analysis points was
reduced in order to capture the shape of the front ade-
quately. For practical reasons, the along-front spacing was
increased to ~250km along the trailing portion of cold
fronts at a large distance (>~1,500 km) from the UK, if
the front extended to such distances. Where a frontal wave
existed that was sufficiently developed for an associated
warm-front-cold-front pair to be analysed, the first analy-
sis point was taken to be the apex of the frontal wave (i.e.
the meeting point of the warm-front-cold-front pair).

In order to evaluate temporal trends, analysis points
were similarly defined using ASXX charts over the period
beginning 12 hr prior to the first radar detection of the
NCFR and ending when the NCFR and associated front
had entirely cleared the UK and Ireland. For NCFRs decay-
ing in situ, points were defined up to 12 hr after the time of
cessation of the NCFR. Using this method, 8,212 analysis
points were defined at 270 analysis times, for 114 sepa-
rate NCFR events (comprising 105 NCFRs with duration

>5 hr in the 2004-2014 climatology period, and the nine
additional high-tornadic events identified over the period
1979-2003). This equates to a mean number of analysis
times per event of 2.4, and a mean number of on-front
points per event, per analysis time, of 30.4.

2.3 | Definition of cold- and warm-air
analysis points and calculation of derived
parameters

For each identified event and analysis time, parame-
ter fields were obtained from the ECMWF ERA-Interim
reanalysis dataset. Parameters selected for analysis fall into
four classes:

- Those known to be relevant to the vortex-genesis and
tornadogenesis process in QLCSs, as shown by mod-
elling studies (e.g. Trapp and Weisman, 2003).

. Those for which significant differences in parame-
ter values have been found between tornadic and
non-tornadic NCFR environments (e.g. Clark, 2013;
CP14).

- Those known to influence the kinematic stability of
shear zones (e.g. vertical vorticity and horizontal strain,
and their along- and cross-frontal components, which
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may relate to the potential for the development of HSI;
for example, Dritschel et al., 1991).

. Those relating to frontal processes, such as the
two-dimensional frontogenesis function.

In order to evaluate cross-frontal differences in param-
eter values, where applicable, a “bulk measures” approach
was adopted. Values were analysed at points located on the
cold and warm sides of the front, each at a front-normal
distance of 150 km from the corresponding on-front analy-
sis point (blue and red markers in Figure 1a, respectively).
The local orientation of the front was calculated from the
latitude and longitude differences between neighbouring
on-front points. Parameter values were obtained for the
cold and warm air points by taking the value at the nearest
reanalysis grid point.

Bulk measures of cross-frontal shear vorticity (i.e.
—ou'’ /ay’"), along-front vorticity (dv’ /9x’), cross-front con-
fluence (—ov’ /0y’), and along-front dilatation (du’/dx")
were calculated by evaluating finite differences in the
front-normal and front-parallel flow components between
corresponding cold and warm air analysis points. The
cross-frontal measures (as indicated by the subscript “XF”)
were defined as:

Bulk confluence = —Dxg = AV _ (Wyarm = Vi) o)
T T Ay T T 300km

—Au’ (u\,/varm - uéold)
Bulk sh ticity = = = . (2
ulk shear vorticity = Exp Ay 200km 2

The above quantities were calculated using the full,
geostrophic and ageostrophic winds, so that geostrophic
and ageostrophic contributions could be evaluated sep-
arately and compared. The geostrophic wind was cal-
culated from the 850 hPa geopotential height field, and
the ageostrophic wind was obtained by subtracting
the geostrophic component from the total wind field.
Along-front bulk gradients (as indicated by the subscript
“AF”) were calculated by analysing, on each side of the
front, the mean of the gradient between the given point
and the adjacent points up-front and down-front, and then
by taking the mean of the resulting gradients on the warm
and cold sides of the front. For example, in the case of
along-front dilatation:

A

‘warm

Dilatationar = 0.5 <_ + Au,cold) 3)
Aarm — AXigyq

Along-front bulk gradients were calculated only where
the horizontal separation between adjacent points on each
side of the front was >50km (the spacing being vari-
able where the front exhibited curvature), and were not
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calculated at the first and last analysis points along the
front at each analysis time.

Additional parameters extracted or computed include
the bulk cross-front temperature difference (temperature
at the warm analysis point minus that at the cold analysis
point), total frontogenesis (calculated at the on-front anal-
ysis point, following Markowski and Richardson (2010),
p. 124), cross-frontal wind veer, ratio of the wind speeds
on each side of the front (i.e. wind speed at the cold
point divided by that that the warm point), front-normal,
forward-directed flow at the cold air point (hereafter
—V'c01d), and various measures relating to the static sta-
bility and vertical wind shear analysed at the warm air
points (Table 1). Parameter values were then compared
for high-tornadic, tornadic and non-tornadic points, and
the t-test was used to assess the statistical significance of
differences between event classes.

2.4 | Assumptions, limitations
and interpretation of the “bulk measures”
approach

The bulk measures approach assumes that parameter val-
ues are relatively uniform within the cold and warm air
masses, and that gradients are constrained to a narrow
zone at the front (i.e. the frontal shear zone), where the
width of this zone is much less than the reanalysis grid
spacing. Under these assumptions, and for a given, uni-
form shear zone width, the magnitude of cross-front gra-
dients within the shear zone will be dependent only on the
difference in the relevant parameter values between the
warm and cold air masses. An alternative, but equivalent,
interpretation is that the bulk values represent a measure
of the potential magnitude of the given parameter that
would be realised given collapse of the frontal shear zone
to some specified, uniform, narrow width, assuming the
initial width of the shear zone to be less than the 300 km
separation of cold and warm air points. Since the dataset
analysed here consists of NCFR-bearing fronts, collapse
to small cross-frontal scales (e.g. Hoskins and Brether-
ton, 1972; Koch and Kocin, 1991) can be assumed for most,
if not all, cases. The bulk measures have the advantage
of being insensitive to the substantial small-scale vari-
ability in parameter values typically observed along and
within the frontal shear zone itself. Furthermore, they
avoid errors arising from uncertainties in frontal position,
which could be substantial if gradients were computed
at the on-front analysis points. The above assumptions
were tested by recalculating various bulk parameters using
a range of separation distances between the warm and
cold air points (not shown). Parameters of most interest in
the following analysis (notably, —' 414 and shear vorticity)
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TABLE 1 Median values of all analysed parameters, for each event class

Median Median Median Median p Value pValue pValue p Value
Parameter nT [375] all-T[202] T[100] HT[102] nT-all-T nT-T nT-HT T-HT

t—6 back trajectory terminus: distance 58.7 59.4 54.2 68.7 0.1788 0.3144 0.2590 0.9665
to nearest on-front point at previous
analysis time (km)

Angle of front, « (degrees clockwise 32.3 233 19.0 27.6 <0.0001 0.0001  0.0034 0.2969
from north to south with cold air to the

west)

Bulk confluence (-dv'/dy’) (st x1073)  0.75 1.87 1.95 1.86 <0.0001 <0.0001 <0.0001 0.5738
Bulk confluence trend (s™! x 107> /6 hr) —0.27 0.20 —-0.08 0.68 0.0013 0.6229 <0.0001 0.0079
Shear vorticity (-du’/dy’) (s~ x1075)  2.90 5.08 435 5.76 <0.0001 0.0001  <0.0001 0.0014
Shear vorticity trend (s™! x 107> / 6 hr)  0.06 1.67 141 1.97 <0.0001 <0.0001 0.0002 0.3705
Bulk cross-front temperature difference  4.05 4.18 3.15 5.20 0.4353 <0.0001 <0.0001 <0.0001
X

Cross-front temperature difference —0.17 —0.56 -0.53 —0.59 0.3699 0.5481 0.3966 0.8716
trend (K / 6 hr)

Front-normal forward motion (m-s1) 10.5 16.4 15.8 17.6 <0.0001 <0.0001 <0.0001 <0.0001
—V'¢oiq (i.e. cold-air front-normal flow) 11.7 19.3 17.1 21.2 <0.0001 <0.0001 <0.0001 <0.0001
(m-s™)

—V o1 trend (m-s~1 / 6 hr) -0.24 1.15 0.5 2.14 <0.0001 0.0014  <0.0001 0.0128
Front-relative —V/q (forward relative 1.27 2.19 0.98 3.64 0.3616 0.1322 0.0013 0.0034
flow positive) (m-s~!)

Along-front dilatation (mean of du’/dx’  0.40 —0.51 -0.49 —0.51 <0.0001 <0.0001 <0.0001 0.5093
at warm and cold air points) (s~ x 107)

Total frontogenesis 3.93 7.18 4.37 10.56 <0.0001 0.9408 <0.0001 <0.0001
(K-m~1-s71 x10719)

Total frontogenesis trend 0.22 0.61 0.48 1.38 0.4587 0.8237 0.3299 0.6050
(K-m™t-s71 x1071° / 6 hr)

Cross-front wind veer (degrees) 17.5 38.6 37.7 40.7 <0.0001 <0.0001 <0.0001 0.0935
Wind speed ratio (post-front / pre-front)  0.76 0.87 0.89 0.82 <0.0001 <0.0001 <0.0001 0.2600
Overall mean wind speed (m-s~!) 21.9 23.7 21.9 25.7 <0.0001 0.3352 <0.0001 0.0006
Angle between mean wind (analysed at  33.6 53.5 50.5 56.5 <0.0001 <0.0001 <0.0001 0.0260
the cold and warm air points) and front

(degrees)

Surface to 850 hPa lapse rate (K-km=') 5.48 5.48 6.26 4.70 0.1300 <0.0001 <0.0001 <0.0001
at warm air point

Surface to 850 hPa saturated static sta- 0.67 0.70 0.30 1.13 0.7118 <0.0001 <0.0001 <0.0001
bility, N2 (s7' x 10*) at warm air point

Bulk vertical u’ shear 975-850hPa  3.85 2.91 2.29 3.71 0.0572 0.0403 0.3601 0.3574
(m-s~! difference between top and

bottom of layer) at warm air point

Bulk vertical -v/ shear 975-850hPa 8.35 9.75 8.59 11.37 <0.0001 0.5913 <0.0001 <0.0001
(m-s~! difference between top and bot-
tom of layer) at warm air point

Note: p values are derived using Student’s t-test. p values indicating differences significant at the 99% level are highlighted by bold type. Figures in square
brackets indicate the sample size for each event class.
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were found to be relatively insensitive to the choice of
separation distance.

2.5 | Calculation of analysis-point
trajectories

In order to evaluate 850hPa parameter values in
a Lagrangian frame of reference, front-following
analysis points were defined by computation of
“pseudo-trajectories” for each on-front point, using the
observed 850hPa u’ and v wind components at each
analysis time. A parcel was assumed to move along-front
with the mean u’ on the cold and warm sides of the front,
whilst the front-normal forward motion was assumed to
approximate to —V'oq (the latter parameters are strongly
positively correlated in the analysed sample). Back trajec-
tories were terminated at t — 6 hr (i.e. the previous analysis
time), where ¢ is the current analysis time. The minimum
distance between the terminus of the back trajectory at
t—6 hr and any on-front point at the previous analysis
time was then calculated. If this distance was <100 km,
the corresponding on-front point at the last analysis time
was taken to be the closest on-front point to the termi-
nus of the back trajectory. Where the minimum distance
was >100km, no corresponding point was defined and
parameter trends were not calculated. Figure 1b shows
an example of t—6 hr trajectory end points computed
using this method (cyan dots) and illustrates how they
compare to the actual position of the front at the previous
analysis time (grey diamonds). In general, positions cal-
culated using the back-trajectories agreed closely with the
analysed frontal position at the previous analysis time;
the average distance between back trajectory terminus
and closest on-front point in the preceding analysis was
75km, and 80% of back trajectory termini were located
within 100 km of an on-front point. Performance tended
to be poorer where the front exhibited large curvature
and close to the apex of frontal waves, situations in which
larger spatio-temporal variations in the wind field might
reasonably be expected.

2.6 | Classification of analysis points
as non-tornadic, tornadic and high-tornadic

On-front points were categorised firstly according to
whether they were associated with a high-tornadic, tor-
nadic or non-tornadic NCFR, and then, in tornadic and
high-tornadic cases, based on their proximity to tornadoes.
An on-front point was classified as tornadic if the point,
or any part of a trajectory extending from the point over
a period of £3 hr from analysis time (computed in the
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same way as the 6 hr back trajectories described above),
lay within 50 km of a tornado report (Figure 1b). A point
was classified as near-tornadic if it, or any part of its
trajectory, lay between 50 and 100 km from the nearest
tornado report. Points at greater distances from a tor-
nado report were classified as “non-tornadic (of tornadic)”
(nT[ofT]). All points in non-tornadic events were classified
as “non-tornadic” (nT). For the purposes of comparing tor-
nadic and non-tornadic parameter values, nT(ofT) points
were excluded from the sample, because parameter values
at these points cannot be considered independent of the
values at neighbouring tornadic or near-tornadic points.
For nT points, two additional filters were applied. The
first was to remove on-front points not situated over the
UK and Ireland. This was necessary because tornadoes are
unlikely to be reported over sea, so the true tornado classi-
fication of non-land points must be considered unknown.
For the remaining nT points, proximity of the NCFR was
assessed using composite radar rainfall imagery. Although
events were selected in the first place on the basis that they
exhibited an NCFR, it was not uncommon for an NCFR
to affect only part of the UK and Ireland, due either to its
limited along-front extent or to genesis or dissipation over
the region. Points with no NCFR were removed in order to
avoid the undesirable comparison of non-NCFR-bearing,
non-tornadic points with tornadic points (given that the
presence of an NCFR is assumed to be a prerequisite for
tornadoes). An NCFR was deemed present at the given
analysis point if one was evident in the radar imagery at
any time within +3 hr from analysis time, and within a
radius of approximately 100 km from the analysis point
or its trajectory. This filtering, and the prior definition
of non-tornadic, tornadic and high-tornadic event types,
resulted in three classes of analysis point, for which the dis-
tributions of the various parameter values were compared:

- Non-tornadic: all analysis points along NCFR-bearing,
non-tornadic fronts over the UK and Ireland.

. Tornadic: near-tornadic and tornadic analysis points in
tornadic NCFRs (irrespective of location, but in prac-
tice always over or adjacent to the UK and Ireland, since
only UK and Ireland tornadoes in the TORRO tornado
database were considered).

. High-tornadic: as for tornadic, but in high-tornadic
events.

Inspection of the analysis point trajectories and the
tornado classes for each tornadic case revealed two lim-
itations of the methodology that necessitated manual
removal of a number of tornadic and near-tornadic anal-
ysis points. Firstly, where the front exhibited large curva-
ture and the tornadoes occurred before the analysis time
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in question, convergence of back-trajectories sometimes
resulted in an unrealistically large along-front extent of
tornadic and near-tornadic points at analysis time, com-
pared to the along-front extent of reported tornadoes. In
order to address this issue, tornadic and near-tornadic
points were removed where trajectories were orientated
at an angle of less than 45° to the front, if another tor-
nadic point (or its trajectory) lay closer to the reported
tornadoes. Exactly 12.4% of tornadic and high-tornadic
points were removed for this reason. Secondly, tornadic
and near-tornadic points were excluded where the differ-
ence between the analysis time and the nearest tornado
time was >3 hr and the minimum distance between the
back trajectory terminus and an on-front analysis point
in the preceding analysis was >100 km. This was under-
taken in order to reduce the impact of potential misclas-
sification of points as tornadic or near-tornadic where a
trajectory deviated substantially from the observed move-
ment of the front (e.g. where there were substantial differ-
ences between front-normal forward motion and —V'o1q).
Exactly 10.9% of tornadic and high-tornadic points were
removed for this reason.

Following this filtering, the final number of analysis
points was 375 for non-tornadic, 100 for tornadic, and
102 for high-tornadic classes. The total number of sepa-
rate events in each class was 70 for non-tornadic, 26 for
tornadic, and 18 for high-tornadic. In agreement with pre-
vious studies (e.g. Clark, 2013), the frequency of events
showed a strong seasonal cycle, with a maximum in the
autumn and early winter (86% of events occurring between
October and January, with no events in June or July).
Exactly 85.1% of events were associated with cold fronts,
7.0% associated with occluding cold fronts (where an
NCFR was present along sections of both the cold front and
the occlusion, as shown in ASXX charts) and 7.9% were
associated with occlusions (see Table S1 in Appendix S1).
The mean number of points per individual analysis time
was 2.82 for non-tornadic, 2.27 for tornadic, and 3.00 for
high-tornadic. Comparison of results using the filtered and
unfiltered tornadic and high-tornadic datasets (not shown)
revealed stronger differences between event classes when
using the filtered dataset; however, the results were quali-
tatively unaffected by the filtering.

2.7 | Generation of composite analyses
on a rotated, translated grid

To complement the analysis of parameter values at indi-
vidual on-front points, composite analyses were generated
for high-tornadic, tornadic and non-tornadic NCFRs over
adomain spanning approximately 27° latitude and 50° lon-
gitude. In tornadic and high-tornadic cases, the origin of

the domain was set to the tornado or mean tornado report
latitude and longitude. In non-tornadic cases, the origin
was set to the mean latitude and longitude of on-front anal-
ysis points over the UK and Ireland. The origin was then
translated so that it always lay at 51.5°N 2.0°W, and the
domain rotated such that the orientation of the front, a,
was equal to the mean orientation at the origin for each
event class.

Composite analyses were generated by calculating the
mean parameter fields in the translated, rotated domains
for all events in each NCFR category. The composites
include all analysis times for which at least part of the
front lay over the UK or Ireland; therefore, for some events,
more than one analysis time is included. A maximum of
three analysis times was allowed for each event, so as not
to give undue weighting to any single event. Given the
large spread in shear vorticity amongst the non-tornadic
cases, two vorticity sub-classes were defined, separated by
a threshold shear vorticity of 4.0 X 10~>s~1. The aim of this
partitioning was to determine whether cases with high and
low vorticity were associated with distinctly different syn-
optic situations. This methodology resulted in compositing
of 31 analysis times from 18 high-tornadic events, 35 analy-
sis times from 26 tornadic events, 64 analysis times from 43
high-vorticity non-tornadic events, and 81 analysis times
from 53 low-vorticity non-tornadic events.”

3 | RESULTS

Results are presented as follows. The distribution of
parameter values in tornadic and non-tornadic events is
described in Section 3.1, and the generalised measure of
tornado risk is defined in Section 3.2. Along-front vari-
ability, ageostrophic contributions to key parameters, and
composite fields are explored in Sections 3.3 to 3.5, from
which we infer the association of many tornadic events
with frontal waves. This association is explored further
in Section 3.6 by inspection of surface analysis charts.
Conceptual models for frontal wave and non-frontal wave
events are developed in Sections 3.7 and 3.8, respectively.

3.1 | Parameter value distributions
for non-tornadic, tornadic
and high-tornadic event classes

Significant differences (i.e. p < 0.01) were found between
high-tornadic, tornadic and non-tornadic classes for many

*The total number of events implied by these figures (140) is higher than
the actual total (114) because some non-tornadic events contributed to
both high- and low-vorticity classes at different analysis times.
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of the analysed parameters (Table 1). The results for shear
vorticity, wind speed ratio, and cross-front wind veer are
in agreement with those of CP14, in that significantly
larger values of each parameter occur in tornadic events.
The fact that significant differences exist between tor-
nadic and high-tornadic events suggests that it should
be possible to distinguish between NCFR environments
supporting only isolated tornadoes and those more likely
to support larger outbreaks, in addition to being able
to distinguish between tornadic and non-tornadic NCFR
environments.

Figure 2 shows the distribution of values, by class, for
parameters exhibiting statistically significant differences
(p <0.01) between all three event classes, and in which the

median values conform to the pattern:
high-tornadic > tornadic > non-tornadic.

These parameters are shear vorticity, front-normal
forward motion and —V' 4. Since front-normal forward
motion and —V'.,g are strongly positively correlated
(r? = 0.5435), these reduce to two parameters: shear vor-
ticity and —V' 4. Bulk confluence is also considered fur-
ther since, although median values were slightly lower in
high-tornadic events than in tornadic events, differences
between tornadic and non-tornadic events were amongst
the largest of any analysed parameter when expressed as a
percentage of the interquartile range.
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FIGURE 3
high-tornadic, tornadic and non-tornadic analysis points (red
inverted triangles, orange inverted triangles, and blue dots,
respectively). Black contours denote the probability of a point being
tornadic or high-tornadic across the two-dimensional parameter
space (p[TN]), calculated using linear discriminant analysis. (b)
Histogram showing the percentage frequency of all-tornadic (i.e.

(a) Scatterplot of shear vorticity versus —v' g4 for

tornadic plus high-tornadic) and non-tornadic events as a function
of p[TN]. The cumulative frequency of all events, as a function of
p[TN], is shown by the grey bars. Values on the x-axis show the bin
midpoints, except for the lowest and highest bins

3.2 | Combining shear vorticity
and —V'q into a single parameter
to describe NCFR tornado risk

The distribution of points within the two-dimensional
parameter space defined by shear vorticity and —V' 4 is
shown in Figure 3a. The probability of a point being tor-
nadic (hereafter p[TN]) was calculated using linear dis-
criminant analysis. This probability is shown by the black
contours in Figure 3a. A useful partition exists between
high and low p[TN] environments across the parameter
space, as indicated by the relatively close spacing of the
probability isolines.

The frequency distribution of p[TN] shows that events
with small shear vorticity and —V'cqq are considerably

more common than those with large values of both
parameters (Figure 3b). For example, ~50% of points
have p[TN]<0.25, whereas only ~10% of points have
p[TN] > 0.75. This is consistent with the result that only a
minority of NCFRs (33.3% over the 2004-2014 period) pro-
duced one or more tornadoes. In the following sections,
we show that analysis points with large shear vorticity and
—1V' o1 (and therefore large p[TN]) tend to occur in specific
synoptic situations and in well-defined locations relative
to synoptic and mesoscale features along the front, such as
frontal waves. We further show that these synoptic situa-
tions and along-front locations differ from those typically
associated with small shear vorticity and —v/ 4.

Notwithstanding the above results, Figure 3 shows
that a minority of tornadic NCFRs occur in low p[TN]
environments. This is illustrated in the bimodal dis-
tribution of p[TN] for tornadic points in Figure 3b,
with a secondary maximum in percentage frequencies at
p[TN] < 0.25. These low p[TN] tornadic cases, which rep-
resent exceptions to the rules developed in the remainder
of this section, are analysed in Appendix A.

3.3 | Parameter values as a function
of distance along front

Along-front variability was assessed by plotting parame-
ter values as a function of normalised along-front distance
(Figure 4). In tornadic cases, the origin was taken to be
the analysis point located closest to the tornado (or to the
mean position of tornadoes in cases with more than one
tornado). In non-tornadic cases, the origin was taken to be
the mean of analysis points located over the UK and Ire-
land. Points were grouped into normalised distance bins of
width 100 km in order to ensure an adequate sample size.
Distance bins with sample sizes <20 were not plotted.’
Several of the parameters exhibiting significant dif-
ferences between event classes in Table 1 show localised
maxima near the UK in tornadic and high-tornadic
classes (i.e. at normalised along-front distances near zero;
Figure 4a-c). For example, —V' ;4 is maximised at dis-
tances of 200 km and 100 km in tornadic and high-tornadic
classes, respectively, with strong decreases down-front (i.e.
smaller —V/ )4 in the trailing section of fronts (Figure 4a)).
Shear vorticity is maximised in tornadic and high-tornadic
cases at the analysis point located furthest up-front (i.e.
nearest to the apex of the frontal wave, where present
(Figure 4d)). Statistically significant differences between

° A threshold of 10 was used for along-front dilatation, since this
parameter was calculated at fewer analysis points owing to the
requirement for a minimum along-front spacing of warm-air and
cold-air analysis points of 50 km, as described in Section 2.3.
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FIGURE 5 Mean ageostrophic 6
(left) and geostrophic (centre) ® non-tornadic
contributions to the total bulk 5 m tornadic

confluence and total shear vorticity
(right) for each event class
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event classes are generally restricted to those parts of the
front located close to the UK and Ireland, with smaller
differences at large along-front distances (i.e. towards the
trailing end of fronts). The distance range over which dif-
ferences are significant (for example, in the case of —V/ 14,
—200 to 700 km in tornadic events and —200 to 1,200 km in
high-tornadic events) is on the order of the typical scale of
a secondary cyclone (i.e. ~1,000 km).

In contrast to other parameters, along-front dilatation
and a exhibit down-front increases in median values in all
event classes. Whilst the median dilatation near the UK is
negative in tornadic and high-tornadic cases, it is positive
in non-tornadic cases (Figure 4e). Down-front increases in
a are symptomatic of the substantial curvature exhibited
by many fronts with, on average, nearly zonal orientation
at the trailing ends of fronts and more meridional orienta-
tion close to the parent cyclone centre or frontal wave apex
in all event classes (Figure 4f).

3.4 | Geostrophic and ageostrophic
contributions to shear vorticity
and confluence

Figure 5 shows the mean contributions of geostrophic,
ageostrophic and total flows to the shear vorticity and
bulk cross-frontal confluence for each event class, anal-
ysed at the 850hPa level. Ageostrophic contributions
to shear vorticity are small in all event classes, being
only a few per cent of the total. This suggests that the
front-parallel winds are largely in geostrophic balance,
in agreement with previous studies (e.g. Browning and
Pardoe, 1973). In contrast, whilst in non-tornadic cases
ageostrophic contributions to the bulk confluence are

m high-tornadic
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negligible (being only 6% of the geostrophic bulk conflu-
ence), they are positive and substantial in tornadic and
high-tornadic cases (30 and 37% of the total bulk conflu-
ence, respectively). The large ageostrophic contribution
is suggestive of the presence of a strong front-transverse
circulation; in particular, ageostrophic confluence would
be expected to occur near the leading edge of the
near-ground, forward-directed branch of the circulation
(e.g. Markowski and Richardson (2010), p. 124). This is
consistent with the observed larger frontogenesis near to
the mean tornado location in tornadic and (particularly)
high-tornadic cases (Figure 4c), since the ageostrophic cir-
culation is the atmosphere’s response to the geostrophic
frontogenesis.

3.5 | Composite fields

Composite fields show that all event classes are asso-
ciated with synoptic patterns exhibiting generally west-
erly flow near the UK. At 925hPa, the strongest winds
are situated within an elongated zone on the immedi-
ate warm side of the front in all classes, which likely
represents the mean position of the pre-frontal low-level
jet (Figure 6). However, substantial differences exist in
the structure of the frontal trough and in the strength
and orientation of the post-frontal wind and pressure
fields between classes. Non-tornadic (low vorticity) events
exhibit a comparatively weak 925hPa trough, with a rel-
atively small veer in the geostrophic flow across the
trough axis (Figure 6a). Non-tornadic (high vorticity)
events exhibit a much sharper trough but post-frontal
wind speeds are markedly weaker than in other event
classes (Figure 6b).
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FIGURE 6
translated, rotated grids for all event

Composite plots on

classes: (a) low-vorticity non-tornadic;
(b) high-vorticity non-tornadic; (c)
tornadic; (d) high-tornadic; 925 hPa
geopotential height (black contours;
contour interval 4 DAM), 925 hPa wind
speed (blue shading, as per the colour
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Tornadic and high-tornadic events exhibit strong pres-
sure gradients and geostrophic wind speeds on both
sides of the front, with a well-marked frontal trough, as
shown by the large difference in the orientation of the
925hPa geopotential height contours across the trough
axis (Figure 6¢,d). Near the UK and Ireland, post-frontal
winds are orientated approximately normal to the front
(i.e. west-northwesterly flow). The inequality in wind
speeds between warm and cold sides of the front is much
smaller than in the non-tornadic (high vorticity) events,
such that these events conform closely to CP14’s type A
pressure and wind fields (which were likewise found to
be conducive to tornadoes). The strong front-normal com-
ponent of flow on the cold side of the front suggests typ-
ically fast-moving fronts. This strong flow extends many
hundreds of kilometres to the rear of the front, and is
therefore seen to be a characteristic of the large-scale flow
field, rather than a local feature confined to the imme-
diate post-frontal region. Compared to tornadic events,
high-tornadic events exhibit slightly stronger winds and
a slightly sharper frontal trough, but in general terms
the fields appear similar (cf. Figure 6c¢,d), suggesting that
the environment of high-tornadic events is essentially a
stronger variant of that associated with tornadic events (as
opposed to being a different type of environment entirely).

In non-tornadic (low vorticity) events (Figure 6a),
the strongest 300 hPa flow is on the downwind side of
the upper-level trough axis (i.e. the upper-level trough is
slightly confluent). Conversely, in high-tornadic events,

the strongest flow is located on the upwind side of
the trough and close to the trough axis, such that the
upper-level trough is slightly diffluent (Figure 6d). In tor-
nadic and high-tornadic events, the 300 hPa jet exit is
located close to the origin (and therefore to the mean posi-
tion of tornado reports), with the strongest wind speeds on
the immediate cold side of the front. The jet axis crosses the
surface front near the origin. In contrast, in non-tornadic
events of both classes, the origin lies on the anticyclonic
shear (i.e. equatorward) side of the 300 hPa jet axis, and the
jet axis crosses the surface front over the North Sea, several
hundred kilometres up-front of the origin. In non-tornadic
(high vorticity) cases, the upper-level jet is almost parallel
to the front near to the origin.

Composite fields further show that a well-defined
500 hPa potential vorticity (PV) maximum is situated on
the immediate cold side of the front in all event classes (as
shown by the shading in Figure 7). In non-tornadic events
of both vorticity classes, the PV maximum is relatively
weak and located slightly further rearward of the sur-
face front, when compared to tornadic and high-tornadic
event classes. The greater intensity and closer proxim-
ity of the PV maximum in tornadic event classes sug-
gests greater dynamic forcing for ascent near the ori-
gin. This is confirmed by analysis of the magnitude
of the vorticity advection term in the quasi-geostrophic
height tendency equation (analysed at 500 hPa) and Q
vectors (Sanders and Hoskins, 1990) calculated using
the 700-300 hPa layer-mean wind and temperature fields
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FIGURE 7 Composite plots on (a)
translated, rotated grids for all event
classes: (a) low-vorticity non-tornadic;
(b) high-vorticity non-tornadic; (c)
tornadic; (d) high-tornadic; 500 hPa
geopotential height (black contours;
contour interval 8 DAM), 500 hPa PV
(yellow-green shading, as per the
colour scale), vorticity advection term
of the quasi-geostrophic height
tendency equation calculated at

500 hPa (red and blue contours (c)
indicating forcing for pressure rises

and falls, respectively; contour interval

0.5 x 10712 573 with the zero contour
supressed) and Q vectors calculated

using the mean temperature and wind

fields over the 300-700 hPa layer

(orange arrows). Composite frontal

positions are shown by bold black

lines, as described for Figure 6

(shown by bold, red-blue contours and arrows, respec-
tively, in Figure 7). Composites for all event classes exhibit
forcing couplets close to the UK and Ireland, comprising
forcing for height falls and Q-vector convergence imme-
diately to the rear of front, and forcing for height rises
and Q-vector divergence further rearward of the front.
However, the forcing couplets are considerably stronger
in tornadic and high-tornadic events than they are in
non-tornadic events of both classes, with the strongest cou-
plets in high-tornadic events. In the high-tornadic events,
the maximum forcing for height rises corresponds closely
to a region of slight anticyclonic curvature in the 925 hPa
geopotential height contours over and just southeast of
Ireland (cf. Figures 6d and 7d). This correspondence sug-
gests localised large height rises (and associated additional
veering of the geostrophic wind in the region between the
centre of height rises and the trough axis) may contribute
to the overall sharpness of the frontal trough and the mag-
nitude of shear vorticity near to the mean tornado location.

3.6 | Association of tornadic NCFRs
with frontal waves

Surface analysis charts were further inspected in order
to quantify the association of tornadic and high-tornadic
events with frontal waves, defined here as either a distinct
warm-front-cold-front pair, or an inflection point (sugges-
tive of a diminutive frontal wave: Hewson, 2009). Frontal

10-% s-3

[ ]
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
500hPa PV (PVU)

waves meeting this definition were found near the UK and
Ireland in 42.3% of tornadic and 72.2% of high-tornadic
cases (i.e. 54.5% of events producing any number of torna-
does). Inspection of reanalysis fields at the 925 and 850 hPa
levels further revealed the presence of a local maximum
in relative vertical vorticity near to the reported location
of tornadoes in 60.0% of tornadic and high-tornadic cases
without a warm-front-cold-front pair or inflection point,
suggesting the possible presence of incipient or diminu-
tive frontal waves (Hewson, 2009). An example of the latter
occurred on 3 January 2012 (Figure 8); a local maximum in
850 hPa relative vertical vorticity is evident over southeast
England at 1200 UTC, where at least one tornado occurred.
Radar and surface data indicated the presence of a shallow
frontal wave over the area (e.g. Figures 14 and 15 of CP14),
which was evidently too weak to have been included in the
ASXX charts. These results suggest that up to 77.3% of tor-
nadic and high-tornadic events may have been associated
with a frontal wave of one kind or another. Frontal waves
were also present in a minority of non-tornadic NCFRs;
these events, and factors distinguishing between tornadic
and non-tornadic waves, are discussed in Appendix B.

3.7 | A conceptual model for tornadic
NCFRs associated with frontal waves

As a frontal wave amplifies, the along-front distribution
of key parameters undergoes a characteristic temporal
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FIGURE 8 ERA-Interim fields
at 1200 UTC 3 January 2012; 925 hPa
geopotential height (thin black con-
tours at 4 DAM intervals), 850 hPa wind
speed (red shading; as per the colour
scale) and 850 hPa relative vertical
vorticity (blue contours at intervals of
0.5x107*s71, starting at 1 x 107* s71).
“L” denotes the centre of the surface

cyclone. Coloured circles (triangles for
tornadic and near-tornadic analysis
points) show along-front point values
of selected parameters, according to the
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evolution. The typical evolution is illustrated well by the
high-tornadic case of 1 January 2005 (Figure 9). A frontal
wave developed along a trailing cold front to the southwest
of the UK early on 1 January 2005. The wave amplified
rapidly as it crossed the UK between 0600 and 1800 UTC,
before maturing into a relatively deep cyclone of 971 hPa
over Norway by 0600 UTC 2 January 2005 (Figure 9a-c).
ERA-Interim fields show a potent PV maximum approach-
ing the trailing front from the cold air side, coming into
close proximity with it and inducing the wave develop-
ment just before the front reached Ireland (Figure 9d-f).
At the outset of wave development, shear vorticity and
-V oid are small everywhere along the front (Figure 10).
However, as the wave develops, values of both parameters
increase rapidly near to the wave’s centre. A maximum in
shear vorticity develops at the wave centre (Figure 10b),
whilst a maximum in —V/.,q develops several hundred
kilometres down-front of the wave centre, where the front
begins to bulge forwards (Figure 10c). p[TN], based on a
combination of these two parameters, therefore increases
very rapidly in the early stages of wave development, with
a well-defined maximum developing just down-front of
the wave centre (Figure 10a). In the analysed case, the
largest value of p[TN] at 0600 UTC is 0.38, increasing to
0.88 by 1200 UTC and reaching a peak 0of 0.98 at 1800 UTC,

by which time the front had moved out of the UK and
into the North Sea. The tornadoes (star-shaped markers
in Figure 10) occurred in the region of rapidly increasing
p[TN].

The Lagrangian evolution may be evaluated using a
front-following point passing through the region with tor-
nado reports (Figure 11; the trajectory of this point is con-
structed using the methodology described in Section 2.5).
Tornadoes occurred near the end of the period of rapidly
increasing p[TN] and close to the time of maximum
front-relative —V' 4. The associated acceleration of this
part of the front may be inferred from the position of
on-front analysis points in Figure 10, the front hav-
ing travelled a greater distance during the 1200-1800
UTC 1 January period than during the preceding 6 hr
period.

High values of p[TN] persist for ~6 to 12 hr after the
known tornadic phase of the cold front (e.g. over south-
ern Norway and northern Denmark in Figure 10a). Whilst
it is possible that further tornadoes occurred after frontal
passage over the UK, the lack of reports over north-
east England and southeast Scotland suggests that the
tornadic phase ended before the front crossed into the
North Sea. The evolution of total frontogenesis provides
a possible explanation for the cessation of tornadoes in
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FIGURE 9 (a-c)Sequence of Met Office surface analysis charts showing mean-sea-level pressure (contour interval 4 hPa) and frontal
positions. (a) 0000 UTC 1 January; (b) 1200 UTC 1 January; (c) 0600 UTC 2 January 2005. Red circles denote centre of the frontal wave at
each analysis time. (d-f) ERA-Interim 300 hPa geopotential height (contour interval 12 DAM), 300 hPa PV (purple shading, as per the colour
scale) and 850 hPa vertical vorticity (blue contours; contour interval 0.5x 10~ s71, starting at 1 x 10~ s71). (d) 0000 UTC 1 January; (e) 1200
UTC 1 January; (f) 0600 UTC 2 January 2005. Circles (triangles for tornadic and near-tornadic points) in (d-f) are on-front analysis points;
colour shading indicates the magnitude of p[TN] at each point (as per colour scale at bottom right of the figure)
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spite of continuing high p[TN]; after peaking near the
wave centre early in the wave’s development, frontogen-
esis begins to decrease, eventually becoming negative in
the high p[TN] region, just down-front of the wave cen-
tre (e.g. over Scandinavia in Figure 10d). Of the eight
tornadic and high-tornadic cases falling most obviously
into the frontal wave type, as described for the 1 Jan-
uary 2005 case, seven exhibited a similar transition from

02/01/2005 00:00

frontogenesis to frontolysis in the high p[TN] region as the
wave matured, with seven exhibiting an associated transi-
tion from positive to negative bulk confluence in the same
region. This evolution is consistent with frontal fracture in
the Shapiro-Keyser cyclone life-cycle model (Shapiro and
Keyser, 1990), and likely explains the oft-observed dissipa-
tion of the NCFR just down-front of the wave centre as the
wave begins to mature. Whilst the NCFR tends to persist
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longer along the trailing part of the front, where fron-
togenesis generally remains positive, p[TN] is generally
low in this region. Transition from frontogenetic to fron-
tolytic flow in the otherwise tornado-favourable region
just down-front of the wave centre may therefore signify
the end of the period favourable for tornadoes in cases
following the frontal wave conceptual model.

3.8 | A conceptual model for tornadic
NCFRs not associated with frontal waves

Further analysis of the ASXX charts and ERA-Interim
fields for tornadic and high-tornadic events without a
frontal wave shows that many of these events occur within
a synoptic regime characterised by large-scale amplifi-
cation, with ridge building upstream of the UK and
trough extension immediately downstream. Exactly 75.0%
of non-wave cases exhibited strong curvature of the front
near to the location of the tornadoes (convex on the warm
side). The along-front distribution of shear vorticity and
-V o1q along this “frontal bulge” is similar to that found
along the meso-a-scale bulge down-front of the secondary
cyclone in frontal wave cases, with tornadoes occurring
close to the associated p[TN] maximum in both types of
event.

ERA-Interim wind fields show that frontal bulges in
non-wave cases are associated with a discrete and often
intensifying wind maximum between 925 and 300 hPa.
Winds are orientated at a large angle to the front and point
towards the warm air. At upper levels, the wind maxi-
mum comprises a well-defined jet streak embedded within
the broader jet stream. The centre of the jet streak is typ-
ically located on the immediate cold side of the surface
front, but strong flow also extends over the surface front.
In 70.0% of cases without frontal waves or inflections (i.e.
31.8% of all tornadic and high-tornadic events), the torna-
does occurred underneath, or on the immediate cyclonic
shear side of this jet streak (in agreement with the results
of Gatzen (2011) and Clark (2013)).

Exactly 60.0% of the non-frontal-wave tornadic
and high-tornadic events (27.3% of all tornadic and
high-tornadic events) were associated with northerly or
northwesterly flow regimes, usually with low-pressure
areas moving rapidly southeast across the North Sea and
a strong, amplifying ridge to the west and southwest of
the UK (accordingly, these cases will be referred to as
“northwesterly flow” events). Differences between this
and the frontal wave scenario are illustrated by compar-
ing composite fields for events fitting this northwesterly
flow type most obviously (8 February 1984, 28 January
2004, 24 November 2005, 29 August 2010, 12 September
2012, 20 November 2013 and 25 January 2014) with those

for events fitting the frontal wave conceptual model most
obviously (20 October 1981, 21 September 1982, 4 April
2004, 4 October 2004, 1 January 2005, 30 December 2006,
24 September 2007 and 17 October 2011) (Figure 12).
At the analysis time closest to the tornado reports (i.e.
t+ 0 hr; Figure 12c), the mean tornado location in north-
westerly flow cases is under the forward, left (i.e. cyclonic
shear) flank of the jet streak and near the centre of the
well-defined bulge in the surface cold front. An intense
PV maximum is located at the cyclonic shear (i.e. north-
east) flank of the jet streak, centred immediately behind
the tornadic part of the front.

Further insight is provided by analysis of the evolution
of composite fields over the period beginning 12 hr before
and ending 6 hr after tornado occurrence (Figure 12a-d).
Initially, the PV maximum is located to the rear of the
front (Figure 12a). Over time, it gradually approaches
the front, with the leading edge of PV>1.0 PVU (PV
units) overtaking the surface front close to the time of
tornadogenesis (Figure 12c). The lower- and upper-level
flow veers substantially over the same period, especially in
the post-frontal region. The jet streak intensifies between
t—12 and t+ 0 hr, with core speeds at 300 hPa increasing
from ~50 to ~60 m-s~1. Caution is required in the interpre-
tation of apparent changes in intensity given that the posi-
tion of features relative to the origin is likely to vary more
the further the analysis time is from that at which the ori-
gin is fixed (i.e. £ + 0), as a consequence of the variable tra-
jectories of these features (Ayrault et al., 1995). However,
in this case, inspection of fields for individual events shows
intensification of the jet over the period t—18 to t+0 hr
in four of the seven cases, with subsequent weakening of
the jet in the 6 hr following tornadogenesis in six of the
seven cases. The substantial veering and slight strengthen-
ing of the 925 hPa flow field near the front over the t — 18
tot+ 0 hr period, associated with the large-scale amplifica-
tion, results in increases in —1’ 4 near the bulging section
of front during the pre-tornadic period and an acceleration
of the front (increasing front-normal forward motion).

By way of comparison, composite fields for frontal
wave events over the period ¢ - 12 to t+ 6 hr are shown
in Figure 12e-h. The 925hPa geopotential height field
strongly resembles that in the composites for all tornadic
and high-tornadic events (cf. Figure 6¢,d), again demon-
strating the predominance of the frontal wave scenario.
Relative to the northwesterly flow cases, the PV maxi-
mum at ¢t + 0 is slightly weaker and located slightly further
rearward of the surface front. However, in common with
northwesterly flow cases, the PV maximum intensifies in
the ~12 hr prior to tornadogenesis (cf. Figure 12e,g).) The
mean position of the secondary cyclone’s centre is marked
by a local maximum in low-level relative vertical vortic-
ity and, on its poleward flank, a local weakness in the
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(a)

FIGURE 12
rotated, translated grids for (a-d) seven

Composite fields on

northwesterly flow cases and (e-h)
eight frontal wave cases, six-hourly over
the period t — 12 hr (top row) to ¢ + 6 hr
(bottom row), where t + 0 hr is the
analysis time closest to the mean
tornado report time. Bold black lines
show mean frontal positions at each
analysis time, plotted only where >67%
of events contribute an analysis point at

the given normalised along-front
distance, where zero is taken to be the
mean along-front distance of tornado
reports in each event. Thin black
contours show 925 hPa geopotential
height (contour interval 4 DAM), bold
pink-red contours 300 hPa wind speed
(5 m-s™! contour interval starting at
30m-s~!) and green-blue shading

500 hPa PV (as per the colour scale).
Rotation and translation of the domain

are as described in Figure 6, whereby
the mean tornado report location is set
to 51.5°N 2.0°W (magenta inverted
triangle in each panel)

[E—
06 08 1.0 12 14 16 18
500 hPa PV (PVU)

925 hPa geopotential height gradient, centred at t+0 hr
over northern England, and therefore just up-front of the
mean tornado location. The 300 hPa jet is slightly weaker
than in the northwesterly flow composite (~50 m-s~! near
the jet core), and orientated at a shallower angle to the
front. The front exhibits a bulge that is less amplified,
but of longer wavelength, than that in northwesterly flow
cases. The small amplification of the bulge at ¢ + 0 hr likely

reflects the fact that tornadoes tend to occur at a relatively
early stage in the development of the frontal wave.

4 | DISCUSSION

In this section, results are discussed in light of existing lit-
erature on cold fronts, frontal waves, and NCFRs. Firstly,
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we explore the origins of large shear vorticity and —v/o1q in
frontal waves with the aid of a simple model. Secondly, we
explore the variability of static stability amongst the iden-
tified event classes. Thirdly, we consider how the results
relate to candidate vortex-genesis mechanisms in NCFRs
and QLCSs.

4.1 | Exploring the origins of large shear
vorticity and —v/ g4 in frontal waves

In this section we use a simple model to illustrate how
large values of shear vorticity and —V'¢qq come to arise
within a frontal wave. In the model, the geostrophic
flow is split into three components: that associated with
the synoptic-scale, background pressure field, that asso-
ciated with the frontal trough’s pressure field, where the
front bears the characteristic S-shaped inflection associ-
ated with the early stages of wave development, and that
associated with the secondary cyclone’s pressure field. The
morphology of the frontal trough, secondary cyclone, and
their associated geostrophic flow fields, are described in
Appendix C.

4.1.1 | Shear vorticity

In the simple model, the background flow field is assumed
to be uniform on the scale of the frontal wave and trough.
Furthermore, the along-front component of flow associ-
ated with the frontal trough is assumed to be in geostrophic
balance (as confirmed by Figure 5 for the set of cases anal-
ysed herein). Under these conditions, and in the absence
of a secondary cyclone, large shear vorticity at the front
is symptomatic of a deep frontal trough. This is because
the geostrophic flow associated with the trough is of equal
magnitude, but opposite sign, at given distance from the
trough axis on each side of the trough (i.e. large —du’/dy’
across the trough axis; see Appendix C). For a fixed trough
width, the magnitude of the opposing along-front flow on
each side of the trough increases with increasing trough
depth. However, where a secondary cyclone is present, the
associated cyclonic anomaly flow field also contributes to
the bulk shear vorticity, especially where the radius of cur-
vature of the anomaly flow field is small relative to the
distance across which the bulk measures are calculated,
and where the anomaly flow field is strong. Given super-
position of a cyclonic anomaly flow field on that associated
with a frontal trough of uniform depth in the along-front
direction, bulk shear vorticity will therefore be maximised
near the centre of the frontal wave (Figure 13a), and will
increase as the magnitude of the anomaly cyclonic wind
field increases in an intensifying wave.

Although various mechanisms may contribute to the
development of a frontal trough (e.g. Schultz, 2005), the
feature is usually attributed to the anomalous warmth of
the atmospheric column within the frontal zone, relative
to that within the air masses on either side of the front
(e.g. Godson, 1951). Since latent heating contributes sub-
stantially to the column-integrated warm anomaly in the
frontal zone, a deep frontal trough (and therefore large
geostrophic shear vorticity) may be symptomatic of large
latent heating rates in strong updraughts comprising the
ascending branch of a strong front-transverse ageostrophic
circulation. The association of strong front-transverse cir-
culations with frontogenesis implies that deep troughs
are associated with intensifying fronts in strongly fronto-
genetic environments. These ideas are supported by the
strong positive correlation between total frontogenesis and
shear vorticity in the set of tornadic and near-tornadic
analysis points in the current sample of fronts; a linear fit
between log.(total frontogenesis) and shear vorticity yields
an r? value of 0.4788 (not shown). Since the frontogenesis
also tends to be maximised near to the wave centre early
in the evolution of the secondary cyclone (e.g. Figure 10d),
this suggests the trough is likely to be deepest (and there-
fore its contribution to the shear vorticity greatest) near
the frontal wave centre at these early development stages.
This aspect is not represented in Figure 13, since the
trough is depicted as being of uniform depth across the
domain.

In summary, the above considerations suggest that
large bulk shear vorticity is symptomatic of fronts with
deep troughs that are undergoing strong frontogenesis,
especially where embedded within cyclonic anomaly flow
fields associated with secondary cyclones. This explains
why it tends to be maximised along the front near to the
centre of actively developing secondary cyclones.

4.1.2 | Post-front normal flow, —v/ 014

In a situation with uniform background flow, and for an
initially straight front, —' 44 is maximised down-front of
the frontal wave due to the superposition of background
and anomaly flow fields. Down-front of the wave cen-
tre, the anomaly flow points towards the warm air and
therefore contributes positively to —v'.oq (Figure 13b).
As discussed previously, and as depicted in Figure 13,
the front tends to bulge forwards on the meso-a scale in
this region, owing to the controlling influence of —V/ o4
on the front-normal forward motion. On the up-front
flank of the wave, the anomaly flow contributes nega-
tively to —V/ 14 and is associated with a local minimum in
front-normal forward motion. The associated along-front
variations in front-normal forward motion result, over
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FIGURE 13 Idealised depiction of the pressure field (grey contours at 1 hPa intervals) in the early stages of frontal wave development
along a trailing cold front (see Appendix C for details). Bulk measures of various parameters at on-front analysis points are shown by
colour-shaded circles. (a) Vertical vorticity (shading) and shear vorticity (coloured circles); (b) total geostrophic wind speed (shading) and
-1/ o1q (coloured circles); (c) pressure deficit from background (dashed contours; contour interval 1 hPa) and p[TN] (coloured circles). (d)

total wind field (vectors) and position of the frontal boundary (blue line).

“L” denotes centre of local pressure minimum associated with the

frontal wave. Letters “A” and “B” denote regions of differing trough morphology on opposite sides of the meso-a-scale frontal bulge located
down-front of the wave centre (following CP14). In (a—c), the maximum value of each bulk parameter is shown in bold type adjacent to the

point at which the maximum occurs

time, in development of the characteristic “S”-shaped
inflection in the front.

Near the centre of the wave, the front rotates cycloni-
cally as the wave amplifies. For an initially positively tilted
front, the rotation is towards smaller positive tilt (i.e. from
initial north-south (positive tilt) to northwest-southeast
(neutral tilt) in the example illustrated, where the front
is embedded in southwesterly large-scale flow). On the
outer flanks of the S-shaped inflection, further up-front
and down-front of the wave centre, the rotation is in the
opposite sense; that is, the front rotates anticyclonically,
and therefore becomes more positively tilted with time.
This differential rotation in an initially positively tilted
front results in troughs resembling CP14’s type B structure
(post-frontal pressure gradients < pre-frontal gradients)
up-front of the wave centre and on the trailing section of

front well down-front of the wave centre, and CP14’s type
A structure (post-frontal gradients ~ pre-frontal gradients)
immediately down-front of the wave centre (Figure 13d).
In other words, the angle between the frontal trough
and the background large-scale flow field has a control-
ling influence on the geometry of the trough (as seen in
geopotential height or pressure fields), with modulation of
this angle yielding the characteristic along-front variability
in trough structure within and near frontal waves.

Given the initial positive tilt of the front, the cyclonic
rotation near the wave centre causes the front to become
orientated at a larger angle to the mean, large-scale flow
(i.e. the cross-frontal component of the mean, large-scale
flow increases), such that —v/ .4 Will increase even in the
absence of changes in the total wind field. A neutrally
or negatively tilted front undergoing such rotation would
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conversely experience reducing —V' 4. However, the lat-
ter situation appears to be highly atypical of NCFR-bearing
fronts; only 1.2% of points in the current sample exhib-
ited a local orientation >90° (i.e. perpendicular to the flow,
or negatively tilted). Median values of the angle between
the front and the large-scale flow field in the filtered
high-tornadic, tornadic and non-tornadic datasets were
56.5°, 50.5° and 33.6°, respectively (Table 1).

Where the front possesses a strong ageostrophic trans-
verse circulation, this circulation may also contribute to
-V oq immediately behind the front (i.e. in the lower
branch of the circulation, where flow is directed towards
the warm air). This aspect is not represented in the ide-
alised fields in Figure 13 but, again, contributions might
reasonably be expected to be maximised near the centre
of the frontal wave in the early stages of wave develop-
ment, where frontogenesis is maximised (as discussed in
Section 3.7).

In summary, two processes contribute to the
along-front maximum in geostrophic —V'.,q near to
frontal waves. Firstly, a contribution arises from the sec-
ondary cyclone’s anomaly flow field. This is maximised
down-front of the cyclone centre where the anomaly flow
points towards the warm air. Secondly, a contribution
arises from the local cyclonic turning of the front near
the wave centre, in cases where the front exhibits an ini-
tial positive tilt (such that the rotation brings it closer to
orthogonality to the large-scale flow). This contribution
is maximised close to the wave centre. The sum of these
effects is therefore maximised immediately down-front of
the wave centre. Ageostrophic effects may also contribute
to the total —v'.qq Where the frontogenesis is large, near
the centre of the wave.

4.2 | Influence of stability and its
variation with tornadic NCFR type

CP14 showed that tornadic NCFRs with relatively small
vertical vorticity tend to have smaller saturated static
stability (N¢) in the pre-frontal environment, suggesting
that in these cases buoyant instability may have played
a greater role in driving NCFR updraughts and, poten-
tially, in the tornadogenesis process. In order to inves-
tigate the distribution of stability in the current set of
cases, surface-850 hPa N; was calculated at the warm air
analysis point for all tornadic and near-tornadic points
in tornadic and high-tornadic events. Results show that
78% of tornadic and near-tornadic points have pre-frontal
NZ >0 (i.e. moist statically stable environments). Only
a very weak positive correlation was found between Ng
and shear vorticity (r> = 0.06; not shown); however, a
stronger positive correlation was found between N and

loge(total frontogenesis) (r> = 0.20; Figure 14a). Further-
more, points from the eight cases conforming most obvi-
ously to the frontal wave scenario (inverted triangle sym-
bols in Figure 14) tend to be characterised by larger fron-
togenesis and larger stability than those from the seven
cases conforming most strongly to the northwesterly flow
scenario (star symbols in Figure 14). The median Ng
for frontal wave events is 0.95x10™* s72, which com-
pares to 0.23x10™* s72 for northwesterly flow events.
Median total frontogenesis is 14.2x 1071 K-m~1.s7! for
frontal wave events and 5.4x 1071 K-m~!.s7! for north-
westerly flow events, with differences significant at the
99% level (p < 0.0001). These differences are further illus-
trated by construction of smoothed kernel densities within
the two-dimensional parameter space for points from
each tornadic event type (colour shading in Figure 14a);
the peak density in frontal wave cases is situated fur-
ther towards the top right-hand side of the parame-
ter space than it is in northwesterly flow cases. Similar
stability differences between tornadic event types were
found when considering the surface-850 hPa lapse rate
(not shown), for which median values in frontal wave
and northwesterly flow cases were 5.15 and 6.66 K-km™!,
respectively, with differences significant at the 99% level
(p = 0.008).

Differences between tornadic event types are simi-
larly evident when plotting points in the —V/.,q versus
log.(total frontogenesis) parameter space (Figure 14b)
and the —V'.,q versus shear vorticity parameter space
(Figure 14c). Frontal wave cases show significantly larger
bulk vorticity and slightly smaller —V/ 4 than northwest-
erly flow cases, though the spread of —V'(,q amongst
northwesterly flow cases is large.

In summary, the results presented in Figure 14 sug-
gest that tornadic NCFRs occur in a wide range of sta-
bility conditions, but that statically stable environments
predominate. Where the stability is large, the frontoge-
nesis also tends to be large. One interpretation of these
results is that, whilst frontal wave development (with asso-
ciated large frontogenesis and increasing shear vorticity)
is generally required for tornadogenesis in statically stable
environments (due to the likely involvement of kinematic
instabilities within the frontal shear zone, as discussed
in the following section), this requirement relaxes as the
stability decreases. This is likely because convective pro-
cesses (specifically, those associated with buoyant instabil-
ity, rather than forced ascent) begin to play a greater role
as the stability decreases. These results may be compared
with the findings of Moore (1985), who demonstrated
the existence of a buoyancy-shear hybrid instability for
NCFRs in unstably stratified environments, as distinct
from pure HSI in statically stable environments. Given
the above results, we tentatively suggest that developing
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frontal waves of the type described in this study tend to
produce environments supportive of pure HSI (given sta-
ble stratification in the large majority of cases), whereas
northwesterly flow events produce environments that may;,
in at least some cases, be more supportive of the hybrid
buoyancy-shear instability.

4.3 | Hypotheses concerning

the relevance of the environmental
parameters to candidate vortex-genesis
mechanisms

We now further consider how the identified environ-
mental parameters may relate to known vortex-genesis
mechanisms within NCFRs, and in QLCSs more gener-
ally. The discussion attempts to describe how the quan-
titative results obtained from the analysis of parame-
ters can be related to various conceptual and theoretical
models, and is included in the hope that it will stim-
ulate further discussion and in order to show where
future work could usefully be focussed. Some of the pro-
posed mechanisms have been explored through analysis
of high-resolution model datasets for two tornadic cases,
the results of which will be presented in subsequent
publications.

Radar studies show that NCFR tornadoes are often
associated with misocyclones forming along a narrow
zone of strong vertical vorticity coincident with the sur-
face front and NCFR (Carbone, 1982; 1983; Clark and
Parker, 2014). Horizontal shearing instability (HSI), in
which an initially uniform sheet of vertical vorticity
breaks down (or “rolls up”) into discrete vertical vortic-
ity maxima separated by areas of weaker vertical vor-
ticity, is generally invoked as the vortex-genesis mecha-
nism (e.g. Carbone, 1983; Smart and Browning, 2009). In
the non-supercell tornadogenesis mechanism described
by Wakimoto and Wilson (1989) and Lee and Wilhelm-
son (1997), vertical stretching amplifies the vorticity to
tornadic strengths when an updraught becomes collo-
cated with the low-level vortex (albeit for shear zone vor-
tices forming along thunderstorm outflow boundaries and
other convergence zones, rather than NCFRs). On the
other hand, a different mechanism - tilting of ambient hor-
izontal vorticity — has been found to explain vortex-genesis
along the leading edge of QLCSs in environments of
large buoyant instability and large vertical wind shear
(Trapp and Weisman, 2003; Weisman and Trapp, 2003;
Atkins and St. Laurent, 2009). Although the dynamics of
QLCSs and NCFRs differ, the QLCS vortices appear at
least kinematically similar to NCFR misocyclones, and
so QLCS vortex-genesis mechanisms are also considered
here.
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4.3.1 | Shear vorticity
One hypothesis is that this parameter relates to the poten-
tial for HSI, and the strength of resulting vortices, along
the front. Buban and Ziegler (2016) show that the rate of
development and peak vertical vorticity of vortices form-
ing as a result of HSI is directly proportional to the ini-
tial shear zone vorticity. Assuming that larger bulk shear
vorticity generally equates to larger vorticity within the
NCFR shear zone, this would suggest the potential for
stronger and faster-developing vortices where bulk shear
vorticity is larger, in the event that HSI occurs along the
shear zone. Furthermore, Dritschel et al. (1991) show that
HSI is supressed within a vortex strip when the horizon-
tal strain has a magnitude greater than one-quarter of the
vertical vorticity within the strip. In the environment of
a frontal wave, the bulk confluence (one component of
the two-dimensional strain field where the axis of contrac-
tion is initially aligned with the front) generally increases
near the wave centre as the wave begins to develop, con-
sistent with the large and increasing frontogenesis along
this part of the front (e.g. Figure 10d). However, as the
wave continues to amplify, the bulk confluence begins to
reduce again along the cyclonically turning part of the
front near the wave centre (consistent with the decreas-
ing frontogenesis along this part of the front in the latter
stages of wave development, as discussed in Section 3.7).
The along-front dilatation, which is the other component
of the two-dimensional strain, also tends to reduce in the
same region as the wave develops (as reflected by the neg-
ative median values for tornadic and high-tornadic events;
Table 1). In contrast, the shear vorticity near the wave cen-
tre increases throughout the early to early-mature stages
of development (e.g. as in Figure 10b, between Scotland
and Norway). In other words, the shear vorticity begins
to increase relative to the strain, such that an environ-
ment initially stable to HSI according to the Dritschel
et al. (1991) criterion could transition to an unstable state
as the frontal wave amplifies. Barotropic instability is
known to be an important mechanism for the development
of the frontal wave itself in some cases (e.g. Bishop and
Thorpe, 1994; Dacre and Gray, 2006); our results suggest
that this frontal-wave-scale instability may orchestrate the
development of embedded barotropic instabilities at much
smaller scales within the frontal shear zone itself. We sug-
gest that this constitutes an important link between the
sub-synoptic- and the meso-y- to miso-scales in such cases.
Another question raised by the frequent presence of
frontal waves in the analysed set of cases is why sec-
ondary cyclones are apparently more favourable for tor-
nadoes than primary cyclones. The answer may relate to
the fact that, in at least some secondary cyclones, the front
has already collapsed to a narrow zone at the outset of

wave development. In such cases, an NCFR is therefore
likely to be present in the tornado-favourable region in the
early to early-mature developmental stages, when vortic-
ity increases relative to the horizontal strain. In primary
cyclones, the baroclinic zone is typically much wider at
the outset of development, requiring a substantial period
for collapse to a similarly narrow zone (e.g. Hoskins and
Bretherton, 1972). Since the tornado-favourable region
is collocated with the region of frontal fracture in
Shapiro-Keyser type cyclones, frontal fracture in at least
some primary cyclones may halt collapse before a narrow
shear zone has developed, thereby preventing formation
of an NCFR in the tornado-favourable region at any stage
in the cyclone’s development (consistent with the concep-
tual model of Browning and Roberts (1994), in which an
NCFR is present only along the trailing cold front and
back-bent front). The ability, or otherwise, for NCFRs to
form or persist along the cyclonically rotating part of the
front near and immediately down-front of the cyclone
centre may therefore represent a key difference between
cyclones of different types, and between primary and sec-
ondary cyclones in particular, in terms of their potential
for hosting tornadic NCFRs.

4.3.2 | Post-front normal flow, —v/ 014

One hypothesis is that large (and in particular, increas-
ing) —V'¢iq is favourable for intrusion of relatively dry,
high-PV air into the front from the cold side. A transient
period of front-relative forward flow would be expected
as —V/ g increases, but before the front-normal forward
motion has fully adjusted to the new —V' o4, given the
correlation between this parameter and front-normal for-
ward motion, and assuming the front-normal forward
motion takes some finite time to adjust to evolving =V’ co14.
This period of front-relative forward flow is clearly seen
in the temporal evolution of front-relative —v/ g4 at the
Lagrangian point passing through the tornadic part of the
front in the 1 January 2005 case (Figure 11), with tornadoes
occurring close to the time of peak front-relative forward
flow."

Intrusions of dry air are well known to be associ-
ated with the local intensification of NCFRs and QLCSs
(e.g. Johns, 1993; Browning and Reynolds, 1994; Brown-
ing and Golding, 1995; Yang and Houze, 1995; Browning
et al.,, 1997; Clough et al., 2000), leading to the devel-
opment of locally severe weather in some cases. The
intrusion of dry air promotes evaporative cooling, which

‘Note, however, that we cannot discount the possibility that the
association between front-relative forward flow and tornadogenesis is
coincidental in the analysed case.
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may lead to the development of local downdraught and
near-surface horizontal divergence maxima, or locally
enhanced rear-to-front flow within the system. Enhanced
convergence, and therefore stronger updraughts, may then
occur along the convective line at the leading edge of
these features. Atkins and St. Laurent (2009) demon-
strate meso-y-scale vortex-genesis through tilting of ambi-
ent horizontal vorticity on the flanks of the resulting
updraught and downdraught maxima in such a sce-
nario. An alternative possibility is that narrowing of the
shear zone under the influence of the increased con-
fluence, and associated increases in vorticity, could pro-
mote the onset of HSI should the confluence (and there-
fore strain) subsequently relax. In NCFRs, the enhanced
cross-frontal temperature differences and increased con-
fluence would both act to enhance frontogenesis, which
could lead to local intensification of the ageostrophic
front-transverse flow, with associated further increases in
-V co1a- In some cases this and other processes result in the
surface front locally acquiring a density-current-like struc-
ture (e.g. Carbone, 1982; Koch and Kocin, 1991; Browning
etal., 1997).

An alternative hypothesis as to the relevance of -/ o4
(and therefore the front-normal forward motion) relates
to the magnitude of the cross-frontal component of verti-
cal wind shear, and its dependency on the strength of the
cross-frontal geostrophic flow. Surface friction is known
to increase the magnitude of the low-level vertical wind
shear (e.g. Houser et al., 2016; Schenkman et al., 2016).
Therefore, it is logical to expect the low-level cross-frontal
vertical shear to be larger when the cross-frontal flow is
larger, owing to friction acting on the stronger wind field
(—=V'coid is analysed here at 850 hPa, which is generally
just above the friction layer). In support of this idea, wind
profiler observations of a large subset of the events inves-
tigated herein (not shown) reveal a positive correlation
(r> = 0.1009) between the front-normal forward motion
and the cross-frontal component of vertical shear in the
0.5-1.5 km above-ground-level layer on the warm side of
the front. The cross-frontal component of vertical shear
is relevant to the vortex-genesis mechanism of Trapp and
Weisman (2003), in which crosswise horizontal vorticity
is tilted into the vertical on the flanks of local updraught
or downdraught maxima within the QLCS; stronger and
deeper vortices were found by Weisman and Trapp (2003)
to develop in environments possessing stronger low-level
vertical wind shear.

A final hypothesis as to the relevance of —V/cyq to
the production of damaging meso-y- or miso-scale shear
zone vortices in NCFRs concerns its influence on the
translational velocity of these vortices. Since the frontal
shear zone and embedded vortices are constrained to move
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approximately with the NCFR, larger —V' 4 (and there-
fore larger front-normal forward motion) will equate to
greater vortex translational velocity, assuming that the
along-front component of translational velocity is rel-
atively invariant. Due to superposition of translational
and rotational velocities, and for a vortex of given rota-
tional velocity, larger peak wind speeds will occur in the
faster-moving vortex where rotational and translational
velocities are additive (e.g. on the southern flank of an
eastward-moving cyclonic vortex: Wakimoto et al., 2006;
Atkins and St. Laurent, 2009; Smart and Browning, 2009;
Mabhale et al., 2012). Therefore, for a vortex of given inten-
sity, the damage potential may be greater when the trans-
lational velocity is greater.

5 | SUMMARY

Through analysis of a sample of 114 events, we have
demonstrated that statistically significant differences exist
between the environments of tornadic and non-tornadic
NCFRs. In agreement with CP14, tornadic NCFRs tend to
occur in environments with larger vertical vorticity and a
larger front-normal component of flow on the cold side
of the front (—V'014). A measure of the probability of tor-
nadoes, p[TN], based upon the combined value of these
parameters, has been derived. Since this measure requires
knowledge only of the instantaneous wind field and the
position of frontal boundaries, it could be calculated using
standard operational model output, coupled with existing
objective techniques for identifying the position of frontal
boundaries (e.g. Hewson, 1997). The use of bulk measures,
as defined in Section 2.3, should ensure that the results are
robust to model resolution. In this way, a generalised mea-
sure of NCFR tornado risk may be forecastable with useful
lead time. In view of the inherent unpredictability of some
of the features found to have an influence on the timing
and location of tornadoes, such as frontal waves, maxi-
mum benefit may be realised by applying the technique to
output from ensemble models.

In order to complement the analysis of environmen-
tal parameters, synoptic situations resulting in high p[TN]
were explored. Two synoptic situations were found to
account for the large majority (>80%) of tornadic and
high-tornadic NCFRs:

. Secondary cyclogenesis (i.e. a developing frontal wave)
along a trailing cold front, usually in west to southwest-
erly large-scale flow (at least 54.5% of all tornadic cases,
and 72.2% of high-tornadic cases).

. A strong mid-level jet streak approaching and eventu-
ally cutting across the front at a large angle to it, within
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an amplifying large-scale pattern, usually in northwest-
erly large-scale flow (at least 27.3% of all tornadic cases).

In the frontal wave scenario, tornadoes generally occur
down-front of the centre of the secondary cyclone dur-
ing the early stages of development, where frontogene-
sis is positive and —V'¢,)q and shear vorticity (and there-
fore p[TN]) increase rapidly. Waves that evolve into fully
fledged secondary cyclones often exhibit a transition to
frontolysis down-front of the wave centre later in their life
cycles; associated dissipation of the NCFR (i.e. frontal frac-
ture) effectively ends the period of tornado risk, in spite
of the continued presence of large p[TN]. A refined mea-
sure of tornado probability, which takes into account the
magnitude and sign of frontogenesis (and therefore the
likelihood of an NCFR) likely represents an improvement
in this respect (as described in Appendix A). Our recom-
mended approach in frontal wave cases is to use p[TN], or
the p(NCFR)-weighted p[TN], as a first-order assessment
of risk, but to view this in context of the conceptual model
described in Section 3.7. The estimate of tornado probabil-
ity provided by p[TN] may be refined by considering the
life-cycle stage of a given frontal wave at the time that it
crosses the region of interest.

The second tornado-favourable situation involves a
potent mid- to upper-level jet streak cutting across the
front, at a large angle to the front. Tornadoes in this sit-
uation generally occur near the axis of the jet streak, or
on its immediate cyclonic shear flank, where the front
exhibits marked bulging. Most events of this type occurred
in northwesterly flow. Large-scale amplification, char-
acterised by upstream ridge building and downstream
trough extension, appears to be an important factor; veer-
ing and strengthening of the flow between the amplify-
ing ridge—trough couplet facilitates the approach of mid-
to upper-level disturbances originating in the cold air
towards the front. Analysis of stability parameters pro-
vided some limited evidence for weaker pre-frontal stabil-
ity, or greater instability, in northwesterly flow cases com-
pared to frontal wave cases. Together with the generally
weaker frontogenesis in northwesterly flow events, this
suggests that, on average, convective processes may play a
greater role in NCFR development and tornadogenesis in
northwesterly cases than in frontal wave cases.

Although we have speculated upon the possible rel-
evance of the identified environmental parameters to
vortex-genesis in NCFRs, this aspect remains an open
question. Further insight is provided by subsequent anal-
ysis of high-resolution model data for a subset of cases,
including examples of frontal waves and northwesterly
flow events. Results of these investigations, which will be
presented in future articles, confirm and clarify the nature
of the links that are suggested by the present study between

frontal shear zone vortex-genesis and the evolution of the
larger-scale environment.
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APPENDIX A

Analysis of low p[TN] tornadic NCFRs
(exceptions)
As demonstrated by Brooks et al. (1993), analysis of

“failure modes” for severe convection and related

phenomena may be as instructive as analysis of supporting
factors, and for this reason we analyse, in this Appendix,
exceptions to the rule that large —V'¢qq and large shear
vorticity tend to favour tornadoes.

Tornadic points with low p[TN]

Manual inspection of surface analysis charts and 850 hPa
geopotential height fields suggests that most tornadic
points with p[TN] <0.3 arise as a result of limitations
in the analysis methodology and datasets, rather than
being indicative of events in genuinely low shear vortic-
ity and/or low —V/q environments. Firstly, some points
are explained by the occurrence of frontal waves that were
too small to be resolved on the ERA-Interim reanalysis
grid. An example is the cold front of 3 November 2009.
Surface meso-analyses showed a frontal wave and collo-
cated surface meso-low with a wavelength of only a few
tens of kilometres along a trailing cold front (Clark, 2012).
The wind field around the meso-low is suggestive of —V/ 14
and shear vorticity locally much larger than in the reanal-
ysis dataset. This event therefore appears to represent a
special class of the frontal wave type, in which the hori-
zontal scale of the secondary cyclone (and therefore the
tornado-favourable section of the front) is unusually small.
Four points (8.3% of those with p[TN] <0.3) fit into this
category.

A second explanation for low p[TN] points is large
along-front gradients in p[TN], which sometimes resulted
in values of —V'(qq and/or shear vorticity at the anal-
ysis point being unrepresentative of those at the tor-
nado location. This issue is suggested by the presence
of adjacent analysis points with much larger p[TN]; for
example, 25.0% of points with p[TN]<0.3 were located
within +2 points (i.e. + ~220km) of a point with p[TN]
>0.5. Some of these points occurred close to the apex
of frontal waves. Filtering to remove points with trajec-
tories orientated at a shallow angle to the front, where
another point lay closer to the observed tornado location
(as described in Section 2.6), reduces the number of points
affected by this problem, but evidently some examples
remain.

A third, and related, situation in which points with
low p[TN] occurs is along fronts with large curvature,
especially where the tornadic or near-tornadic point in
question is situated on the down-front flank of a promi-
nent bulge in the line (such as might occur down-front of
a developing secondary cyclone). Twenty-five (i.e. 52.1%)
of the tornadic and near-tornadic points with p[TN] <0.3
were associated with sections of fronts exhibiting substan-
tial curvature, of which 16 were located down-front of the
centre of a prominent frontal bulge. Comparison of the
actual tornado locations with the frontal bulges in these
cases showed that tornadoes genuinely occurred on the
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trailing flanks of the frontal bulges in only five cases. Given
the typically large along-front differences in key param-
eter values between the up-front and down-front flanks
of frontal bulges, this suggests that, in the remaining 11
cases, conditions at the given point are unlikely to have
been representative of those at the actual tornado loca-
tion. This issue tends to arise when the along-front scale of
the frontal wave and associated frontal bulge is relatively
small, or where the frontal bulge was evolving rapidly.

The remaining points with p[TN]<0.3 cannot be
explained by limitations of the methodology, and there-
fore genuinely appear to be exceptions to the rule that
tornadic fronts occur in high shear vorticity and high
-V coid €nvironments; 21 points (43.8% of tornadic and
near-tornadic points with p[TN]<0.3, and 10.4% of all
tornadic and near-tornadic points) fall into this category.
Most of these points were associated with events exhibiting
anomalously weak wind fields, some of which occurred
in the warm half of the year. For example, 5 of the 21
points were associated with the event of 29 August 2012.
CP14, in their analysis of 15 events, found an anoma-
lously unstable pre-frontal environment in the 29 August
2012 case (N; <0), as estimated from pre-frontal proxim-
ity soundings. Analysis of pre-frontal Né in the current
set of cases (see Section 4.2) reveals negative values for
10 of the 21 low p[TN] tornadic and near-tornadic points
that are not explained by limitations of the methodol-
ogy, with a median N7 over all 21 points of 0.00x 10~
s~1. This is substantially lower than the all-tornado-cases
median value of 0.70 X 10~* s™! (Table 1), with differences
significant at the 95% level. These results suggest that
tornadic points in low p[TN] environments that cannot
be explained by limitations of the methodology repre-
sent a set of cases in which buoyant instability plays a
greater role in NCFR formation and tornadogenesis, and
in which kinematic parameters such as the vertical vor-
ticity and —V'oq play a lesser role, than is typical for
NCEFR events.

Non-tornadic points with high p[TN]

In the unfiltered set of non-tornadic analysis points over
UK and Ireland land areas (i.e. including points where the
front did not exhibit an NCFR), 63 points (7.9%) had p[TN]
>0.6. Of these, 15 points exhibited frontolysis (i.e. total
F <0). An example of high p[TN] in a region of frontoly-
sis is shown in Figure 8 for the case of 3 January 2012. In
this case, the strong frontolysis is located within the frontal
fracture region of a primary cyclone, just off the west coast
of Norway’ (Figure 8b), where p[TN] is also very large
(>0.95; Figure 8a). A secondary maximum in p[TN] is evi-
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dent further down-front, near a subtle frontal wave over
southeast England, where at least one tornado occurred.
Since it is unlikely that an NCFR would be present in
the frontal fracture region, p[TN] provides an unrealis-
tic estimate of the true tornado probability in this region.
Conversely, near the frontal wave over southeast England,
large frontogenesis accompanies large p[TN], suggesting
an NCFR is more likely within this part of the front, and
therefore that tornadoes are more likely in this region (as
observed).

In order to address this issue, the probability of an
NCFR being present, and its dependence on various
environmental parameters, was assessed by comparison
of the distribution of parameter values at UK and Ireland
land points with and without NCFRs. For this purpose, an
NCFR was deemed to be present if one could be discerned
in composite radar rainfall fields within ~100 km of each
along-front point, and within ~2 hr of the analysis time.
The probability of an NCFR was found to be a strong func-
tion of total frontogenesis (consistent with the idea that
collapse of the frontal zone to small cross-frontal scales,
and associated development of an NCFR, requires substan-
tial frontogenesis: e.g. Koch and Kocin, 1991). NCFR prob-
abilities (hereafter p(NCFR)) were calculated by dividing
the number of points with an NCFR by the total num-
ber of points within different frontogenesis classes. The
dependence of p(NCFR) on the midpoint frontogenesis
for each frontogenesis class may be approximated by the
third-order polynomial equation:

p(NCFR) = 0.00004 F* — 0.0021F? + 0.0467F + 0.4679,

where F is the total frontogenesis. Negative values of
p(NCFR) are set to zero. This equation was used to
derive p(NCFR) for all points in the 3 January 2012 case
(Figure 8c). As expected, p(NCFR) is at or close to zero
in the frontal fracture region due to the strong frontol-
ysis, but much larger (>0.7) near the frontal wave over
southeast England. Weighting of p[TN] by p(NCFR), for
example by calculating the product of the two parame-
ters, provides a more realistic estimate of tornado risk in
this case (Figure 8d), usefully highlighting the region over
southern England whilst giving much lower probabilities
within the frontal fracture region.

Other non-tornadic points with low p[TN], where an
NCFR was present and frontogenesis was positive, repre-
sent situations apparently favourable for tornadoes, but in
which no tornadoes were reported. One possible expla-
nation is under-reporting, which is known to be a uni-
versal problem with existing tornado databases, being

*In this case, these latter analysis points would not have appeared in the
filtered dataset in e.g. Figure 3a, since they are not located over UK and

Ireland land areas. However, we choose to discuss the case here because
it is a good illustration of the point in hand.
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particularly relevant in the case of weaker tornadoes (e.g.
Feuerstein et al., 2005). Alternatively, it is possible that
the tornadic phase of the event in these cases occurred
prior to arrival of the front into the UK and Ireland (recall-
ing that the tornadic period tends to occur relatively early
in the life cycle of frontal waves, and that high p[TN]
may persist beyond the tornadic phase). A third possible
explanation is provided by analysis of the trends in param-
eter values. In at least three cases, the wind field showed
marked weakening by the next analysis time, suggesting
that, where present, the frontal wave was weakening, that
the front was moving into a region of weaker large-scale
flow, or that the frontal trough was becoming shallower,
such that shear vorticity and —V/ 4 trends were negative.
This is consistent with the results presented in Appendix
B, that is, that the presence of a frontal wave is not a suf-
ficient condition for tornadogenesis; non-developmental
or weakening waves tend not to favour tornadoes, since
they do not exhibit the requisite temporal changes in key
parameter values. A final possible explanation for such
events was uncovered by operational trials of p[TN] during
winter 2019-2020 (Matthew Lehnert, personal communi-
cation, 2020). In one event, the frontal zone was found to
comprise multiple shear zones separated by ~10-20 km in
the cross-front direction. Although high-resolution oper-
ational models indicated collapse to a single shear zone
as the front crossed the UK, in the event this did not
occur until after the front had cleared the region. There-
fore, although the bulk shear vorticity was large, it con-
tinued to be distributed across multiple, weaker shear
zones. Such events are likely under-represented in the
analysed dataset because they tend to exhibit rather weak
and discontinuous NCFRs. The failure to collapse to
a single shear zone suggests weak frontogenesis, again
highlighting the likely importance of sufficient fronto-
genesis, in combination with high p[TN], in tornadic
events.

APPENDIX B

Frontal waves in non-tornadic events

Although frontal waves are capable of creating an envi-
ronment favourable for NCFR tornadoes, as discussed in
Section 3.7, a substantial number of non-tornadic cases
also exhibited frontal waves at the time of frontal pas-
sage across the UK and Ireland. Inspection of surface
analysis charts shows that non-tornadic fronts exhib-
ited a warm-front-cold-front pair or an inflection point
over or close to the UK in 25 cases (i.e. 36.8% of
non-tornadic events; cf. 42.3% of tornadic events and
72.2% of high-tornadic events). In other words, the pres-
ence of a frontal wave is not a sufficient condition
for tornadogenesis. In order to assess whether tornadic

waves can be distinguished from non-tornadic waves,
bulk parameters were compared for frontal wave cases
in the high-tornadic, tornadic and non-tornadic event
classes. Tornadic and high-tornadic events were treated
as one combined class (“all-tornadic™), owing to the rela-
tively small sample size in each individual class. Results
show significant differences (at the 95% level) between
all-tornadic and non-tornadic waves for several parame-
ters including —V' 14, front-normal forward motion, shear
vorticity, total frontogenesis and overall mean wind speed,
with tornadic waves having larger median values in each
case. Crucially, the median —V' 4 trend was negative
for the non-tornadic waves (median value —0.45m-s~!
/ 6 hr) but positive for tornadic events (median value
1.28 m-s™! / 6 hr). Similarly, the shear vorticity trend was
near zero in non-tornadic waves (median value 0.3 X 107>
s~! / 6 hr), but positive in tornadic waves (median value
1.39%x 107> s7! / 6 hr). These results suggest that actively
developing waves are more conducive to tornadogenesis
than non-developmental waves, and further emphasise the
importance of temporal trends in parameter values (i.e.
increases in shear vorticity and —V/.4) in tornadic cases.

APPENDIX C

Idealised wind and pressure fields near a
frontal wave

As discussed in Section 4.1, the along-front variability in
shear vorticity, —V'ojq and p[TN] arising near to a frontal
wave may be understood, in part, by consideration of
an idealised “toy model” of the pressure and associated
geostrophic wind field, comprising three components:

1. A large-scale background pressure field and associated
geostrophic wind field, in which a uniform pressure
gradient of 1.18 X 10~ hPa-m™! and associated south-
westerly geostrophic flow of 7.9 m-s~! are orientated at
an angle of 45° to the trailing front, with lower pressure
towards the northwest.

2. An S-shaped front and associated pressure trough, the
trough having half-width W = 300 km, with uniform
(along the front) central pressure deficit p;, = 2 hPa
at the trough axis (collocated with the front), and in
which the pressure deficit reduces with increasing dis-
tance, w, from the trough axis and front according to
P {1 —sin [0.5 s <%)] } Smoothing is applied near
the trough axis to avoid very large wind gradients.

3. A circularly symmetric, negative pressure anomaly and
associated non-divergent, cyclonic, flow field repre-
senting the wave depression pressure and associated
geostrophic wind fields. The anomaly central pressure
deficit, M, is equal to 4.15hPa and the pressure deficit
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reduces with distance, d, from the centre according to
0.5M { 1 —sin [7[ (% - 0.5)] },WhereRis the anomaly
radius (600 km).

Superimposing these pressure and wind components
yields an idealised depiction of the flow fields near a
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frontal wave in the early stages of development. The asso-
ciated along-front variability in trough structure, shear
vorticity and —V' o4 is shown in Figure 13, as described in
the main text.



