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ABSTRACT
Sting jets, or surface wind maxima at the end of bent-back fronts in Shapiro–Keyser cyclones, are one cause of
strong winds in extratropical cyclones. Although previous studies identified the release of conditional symmetric
instability as a cause of sting jets, the mechanism to initiate its release remains unidentified. To identify this
mechanism, a case study was selected of an intense cyclone over the North Atlantic Ocean during 7–8 December
2005 that possessed a sting jet detected from the NASA Quick Scatterometer (QuikSCAT). A couplet of
Petterssen frontogenesis and frontolysis occurred along the bent-back front. The direct circulation associated
with the frontogenesis led to ascent within the cyclonically turning portion of the warm conveyor belt, contributing to the comma-cloud head. When the bent-back front became frontolytic, an indirect circulation associated with the frontolysis, in conjunction with alongfront cold advection, led to descent within and on the
warm side of the front, bringing higher-momentum air down toward the boundary layer. Sensible heat fluxes
from the ocean surface and cold-air advection destabilized the boundary layer, resulting in near-neutral static
stability facilitating downward mixing. Thus, descent associated with the frontolysis reaching a near-neutral
boundary layer provides a physical mechanism for sting jets, is consistent with previous studies, and synthesizes
existing knowledge. Specifically, this couplet of frontogenesis and frontolysis could explain why sting jets occur at
the end of the bent-back front and emerge from the cloud head, why sting jets are mesoscale phenomena, and
why they only occur within Shapiro–Keyser cyclones. A larger dataset of cases is necessary to test this hypothesis.

1. Introduction
Extreme winds in extratropical cyclones often occur
south of the surface low center (e.g., Lynott and Cramer
1966; Neiman et al. 1993; Grønås 1995; Steenburgh and
Mass 1996; Nielsen and Sass 2003; Von Ahn et al. 2006;
Chelton et al. 2006; Knox et al. 2011; Fox et al. 2012;
Hanafin et al. 2012). Studying the United Kingdom’s
Great Storm of 15–16 October 1987, Browning (2004)
coined the term sting jet to refer to one specific type
of wind maximum in this region. The term refers to
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Grønås’s (1995) invocation of the ‘‘poisonous tail of the
bent-back occlusion,’’ deriving from the Norwegian
School’s recognition of strong winds at the end of a bentback occluded front in many cyclones that are now
known as Shapiro–Keyser (1990) cyclones.
Wind speed maxima resembling sting jets have been
identified in other North Atlantic, North Pacific, and
European cyclones (e.g., Von Ahn et al. 2005; Parton
et al. 2010; Baker et al. 2013b). Martı́nez-Alvarado et al.
(2012) found that almost a third of the 100 most intense
windstorms over the North Atlantic Ocean during winter months from December 1989 to February 2009 may
have had precursor conditions that led to sting jets. Although landfalling cyclones in the Pacific Northwest
may have similar surface wind maxima, Mass and Dotson
(2010) found no evidence that these maxima were associated with sting jets.
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Besides sting jets, strong winds in cyclones may also
occur in association with the cold conveyor belt. The
cold conveyor belt is a near-surface airstream of cold
air underneath the warm-frontal zone (Carlson 1980;
Schultz 2001). Strong winds in cold conveyor belts may or
may not be present in addition to sting jets (e.g., Clark
et al. 2005; Baker 2009; Gray et al. 2011; Baker et al.
2013a; Smart and Browning 2013). The physical processes
that lead to strong winds in the sting jet versus those that
lead to strong winds in the cold conveyor belt have not
been elucidated. As an initial contribution to this topic,
this article focuses on the sting jet and the physical processes leading to the strong winds at the surface.
Two physical processes have been proposed to account for strong winds in cyclones with sting jets: subcloud evaporative cooling and conditional symmetric
instability. First, Browning (2004) proposed that evaporation and sublimation of hydrometeors from the head
of the comma cloud might increase the magnitude of the
surface winds. Fox et al. (2012, p. 270) described this
process as ‘‘a result of snow evaporating rapidly, which
in turn quickly cools the surrounding air. This cooler,
denser air then descends, transferring momentum to the
ground.’’ However, mesoscale modeling studies of both
real cyclones and idealized baroclinic waves in which
evaporative cooling is turned off do not yield stronger
surface winds (T. Baker and P. Knippertz 2012, personal
communication; Baker et al. 2013a; Smart and Browning
2013). Although evaporation may be occurring within the
subcloud air that becomes the sting jet, evaporation may
not be crucial to the formation of strong winds.
Second, Browning (2004) argued that banding in the
cloud head caused by multiple slantwise circulation
patterns was associated with the release of conditional
symmetric instability (CSI; Bennetts and Hoskins 1979;
reviewed in Schultz and Schumacher 1999). CSI has also
been identified in other sting-jet cases (e.g., Parton et al.
2009; Gray et al. 2011; Martı́nez-Alvarado et al. 2011;
Baker et al. 2013a) and idealized baroclinic waves (Cao
2009). [Baker et al. (2013a) argued that the 50-km horizontal grid spacing and 14 vertical levels was inadequate
to produce a sting jet in Cao (2009).] Diagnostic tools
have been developed that employ measures of CSI for
finding sting jets in a large number of cases (e.g., Baker
2009; Gray et al. 2011; Martı́nez-Alvarado et al. 2011, 2012).
As a consequence of these eight studies listed above,
Baker et al. (2013a) stated that, ‘‘instability release is the
dominant sting-jet driving mechanism,’’ and the release
of CSI has become the leading physical mechanism proposed to explain the intensity of winds in sting jets.
The release of CSI as the cause of sting jets, however,
is problematic. As discussed in section 2 of Schultz and
Schumacher (1999), CSI cannot ‘‘cause’’ slantwise
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convection or sting jets (e.g., Parton et al. 2009, p. 678):
CSI depends upon sufficient vertical motion to initiate
its release. Yet, articles on sting jets to date have not
identified the source of that vertical motion. To draw an
analogy, it would be as if the presence of conditional instability alone were invoked to explain the formation of
a squall line, without consideration of the lifting mechanism to initiate the convection.
This article presents a case study of an intense extratropical cyclone with an observed sting jet over the North
Atlantic Ocean and proposes a simple diagnostic approach using Petterssen (1936) frontogenesis that identifies the region in a cyclone with the potential to develop
strong winds due to a sting jet. Also, this article demonstrates the physical mechanism responsible for the sting
jet in this case.

2. Petterssen frontogenesis
Petterssen (1936) frontogenesis F is the time rate of
change of the magnitude of the horizontal gradient of
potential temperature u following the flow:
F5

d
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Petterssen (1936) showed that this expression for F could
be written in terms of deformation and divergence:
1
F 5 j$H uj(E cos2b 2 $H  VH ) ,
2

(2)

where E is the resultant deformation and b is the local
angle between an isentrope and the axis of dilatation.
Positive regions of frontogenesis indicate where isentropes are instantaneously being brought together by
the horizontal flow, thereby increasing the horizontal
potential temperature gradient. Negative regions of
frontogenesis (or frontolysis) indicate where isentropes
are instantaneously being spread apart by the horizontal
flow, thereby weakening the horizontal potential temperature gradient.
Frontogenesis is associated with a direct circulation
with rising warm air and sinking cold air on either side
of the maximum of frontogenesis (e.g., Eliassen 1962;
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FIG. 1. QuikSCAT imagery of horizontal wind speed and direction at 0730–0733 UTC 8 Dec 2005
(pennant, full barb, and half-barb denote 50, 10, and 5 kt, respectively, where 1 kt 5 0.514 m s21;
separation between displayed wind vectors is 12.5 km). The colored wind barbs represent wind
speed (kt) according to the scale in the top-right corner, the pink lines represent satellite overpass
times, and the scale bar in the top-left corner represents 100 nautical miles (n mi, or 185 km).

Keyser et al. 1988). In the presence of cold advection,
however, the direct circulation shifts to the warm side of
the front so that descent occurs within the region of
frontogenesis (Keyser and Pecnick 1985). In contrast,
frontolysis is associated with an indirect circulation with
sinking warm air and rising cold air. In the presence of
cold advection, the indirect circulation shifts so that
descent occurs within the region of frontolysis.
Petterssen frontogenesis has been used previously to
diagnose fronts in the central United States (e.g., Koch
1984; Keshishian et al. 1994; Martin 1998a; Schultz
2004), the western United States (Steenburgh and Mass
1994; Schultz and Knox 2007; Steenburgh et al. 2009;
Schumacher et al. 2010; West and Steenburgh 2010), and
idealized baroclinic waves (Sch€
ar and Wernli 1993;
Schultz and Zhang 2007); to calculate climatologies of
frontogenesis (Satyamurty and De Mattos 1989); to determine regions of ascent associated with precipitation
bands within heavy rainstorms (Sanders 2000) and within
snowstorms (e.g., Bosart and Lin 1984; Keshishian and

Bosart 1987; Roebber et al. 1994; Martin 1998b; Trapp
et al. 2001; Novak et al. 2004, 2006, 2008, 2009, 2010); to
determine the time of extratropical transition of a tropical cyclone (Harr and Elsberry 2000); and to indicate
regions of predecessor precipitation ahead of tropical
cyclones (e.g., Galarneau et al. 2010; Moore et al. 2013).
Lackmann (2011, sections 6.2 and 6.3) provides a moredetailed description of Petterssen frontogenesis. To date,
studies have focused on the regions of frontogenesis as
important dynamical features; fewer studies have focused on frontolysis.

3. North Atlantic Ocean cyclone: 7–8 December
2005
On 7–8 December 2005, an extratropical cyclone deepened rapidly east of Canada. Based on the operational
experience at the Ocean Prediction Center, the case was
typical of extratropical cyclones with strong surface
winds caused by sting jets. An area of storm-force to
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hurricane-force sustained winds (50–64 kt, 26–33 m s21)
occurred within about 460 km to the east and south from
the cyclone center at 0731 UTC 8 December, with a
maximum of 75 kt (39 m s21) (Fig. 1). These 10-m ocean
vector winds were derived from the National Aeronautics
and Space Administration (NASA) SeaWinds microwave
scatterometer on the research Quick Scatterometer polarorbiting satellite (QuikSCAT; e.g., Hoffman and Leidner
2005). QuikSCAT was successfully used by marine forecasters to determine extratropical cyclone intensity and
wind warning categories for over 10 years from 1999
through November 2009 (e.g., Von Ahn et al. 2005, 2006;
Chelton et al. 2006).
To diagnose the origin of these strong winds in the
lower troposphere, an Advanced Research Weather Research and Forecasting Model (WRF-ARW; Skamarock
et al. 2005) simulation starting at 1200 UTC 7 December
was performed. The model simulation had 12-km horizontal grid spacing. The National Centers for Environmental Prediction (NCEP) Global Forecast System
(GFS) was used for the initial and lateral boundary
conditions. The following physical parameterizations
were implemented: the Yonsei University boundary layer
scheme (Hong et al. 2006), the Kain–Fritsch convective
parameterization (Kain and Fritsch 1990, 1993; Kain
2004), the Noah land surface model (Chen and Dudhia
2001), the Rapid Radiative Transfer Model for shortand longwave radiation (Mlawer et al. 1997), and Lin
et al.’s microphysics (Lin et al. 1983; Rutledge and Hobbs
1984; Tao et al. 1989; Chen and Sun 2002). No data assimilation or nudging was used. Although the winds associated with the sting jet occur specifically at the surface,
wind speeds in this article are plotted at 925 hPa because frontal structures are better defined at this level
and other sting-jet studies have shown that models have
difficulty mixing momentum into the planetary boundary layer (e.g., Parton et al. 2009; Smart and Browning
2013). In this case, the 10-m model winds are about
10–15 m s21 weaker than the 925-hPa winds, and the
QuikSCAT winds in Fig. 1 are closer to the 925-hPa
model winds at the time of the overpass (not shown).
At 1200 UTC 7 December (Figs. 2a,b), 925-hPa winds
exceeded 35 m s21 in the warm sector with a secondary
maximum of more than 30 m s21 parallel to and extending
along the maximum in negative frontogenesis (frontolysis) along the bent-back front. By 1800 UTC, the cyclone
deepened 14 hPa, the main region of strong winds in the
warm sector moved northeastward, and the bent-back
front wrapped equatorward around the cyclone (Fig. 2c).
The region of maximum wind speed along the frontolysis
increased to over 35 m s21, producing a well-developed
sting jet (Fig. 2d). This narrow region of strong winds
occurred within the larger region of strong winds
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surrounding the cyclone, as well as at and downstream of
the strongest horizontal pressure gradient (Fig. 2c). The
shape of the sting jet at the surface expanded downstream, parallel to and along the frontolysis (Fig. 2d).
The sting jet formed within a large region south of the
low center characterized by near-neutral static stability
in the boundary layer (Fig. 3a). In this particular case,
this well-mixed boundary layer occurred because of
both strong cold advection (Fig. 3b) and strong surface
sensible heat flux (Fig. 3c). Indeed, this sensible heat flux
exceeding 400 W m22 is comparable in magnitude to the
sensible heat fluxes of other rapidly developing marine
cyclones from observations (e.g., Neiman et al. 1990;
Crescenti and Weller 1992) and model simulations (e.g.,
Chang et al. 1996; Gozzo and da Rocha 2013).
At 0000 UTC 8 December, the cyclone deepened to
953 hPa, and the maximum wind speed increased to over
40 m s21 (Fig. 2e). The region of frontolysis along the
bent-back front shrank to a sliver, which is where the
strongest winds were occurring (Fig. 2f).
To illustrate further the close association between the
frontolysis and the strong winds, cross sections were
taken across the region of frontogenesis along the occluded front northeast of the low center (AA0 ) and
across the region of frontolysis along the bent-back front
south of the low center (BB0 ) at 1800 UTC 7 December
(Fig. 4; cross-section locations shown in Fig. 2). In AA0 ,
the wind speed was a maximum in two locations (Fig. 4a):
in the warm conveyor belt in the warm sector (labeled
WCB into the page) and in the cyclonically turning portion of the warm conveyor belt in the midtroposphere
(labeled WCB out of the page). The warm air rose
above the bent-back frontal zone, with ascent exceeding
23.6 Pa s21 within and on the warm side of the region of
frontogenesis (Fig. 4b). In contrast to this direct circulation across the region of frontogenesis, an indirect circulation pattern existed across the region of frontolysis
(BB0 ) with descent of 1.2 Pa s21 within and on the warm
side of the frontolysis (Figs. 4c,d). Thus, in addition to
any strengthening of the cyclone-scale winds associated
with the intensifying cyclone (Fig. 2), mesoscale descent along and within the frontal zone facilitated the
descent of higher-momentum air from aloft down to
the surface.
This transition from ascent to descent, and its relationship to the head of the comma cloud, is illustrated
by the 700-hPa relative humidity field (Figs. 5a,b). At
both 1800 UTC 7 December and 0000 UTC 8 December,
the strongest winds associated with the sting jet were
adjacent to and below the near-saturated area in the
model, displaying a relationship consistent with previous
studies (Browning 2004; Clark et al. 2005; Parton et al.
2009; Baker 2009; Gray et al. 2011).
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FIG. 2. (a),(c),(e) Sea level pressure (thick solid lines every 4 hPa), 925-hPa potential temperature (green lines every
2 K), and 925-hPa wind speed (m s21, shaded according to scale at the left side of the panel). (b),(d),(f) Zoomed-in view
of 925-hPa Petterssen frontogenesis [K (100 km)21 (3 h)21, shaded according to scale at the left side of the panel],
925-hPa potential temperature (green lines every 1 K), 925-hPa wind speed (thick solid lines every 5 m s21 starting at
30 m s21), and location of sea level pressure minimum denoted by L. Solid lines in (c) and (d) represent locations of
cross sections in Fig. 4. Results shown are for (a),(b) 12 UTC 7 Dec, (c),(d) 1800 UTC 7 Dec, and (e),(f) 0000 UTC 8 Dec
2005. All fields are derived from a WRF simulation initialized at 1200 UTC 7 Dec 2005 and passed through the 9-point
smoother within the General Meteorology Package (GEMPAK; desJardins et al. 1991).

4. Synthesis
The results of this case study support a new hypothesis
accounting for the physical mechanism of the sting jet.
As the saturated flow in the cyclonic portion of the warm
conveyor belt travels around the cyclone center along

the bent-back front, the transition from frontogenesis to
frontolysis is crucial to the formation of a possible sting
jet (Fig. 6). The reversal of the vertical circulation from
ascent to descent on the warm side of the front, coupled
with the strengthening winds associated with the intensifying cyclone, brings high-momentum air down
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from aloft into the lower troposphere, possibly even to
the surface, with the maximum winds in the lower troposphere occurring downstream of the frontolysis (Fig.
6). Given a favorable near-surface environment of nearneutral static stability (a result of the cold advection and
sensible heat fluxes), strong winds can reach the surface
as a localized wind maximum (the sting jet). Thus, ironically, the rapid weakening of the bent-back front is responsible for the strongest winds at the surface.
This new hypothesis explains three critical observations about sting jets.

a. Why sting jets occur at the end of the bent-back
front and edge of the cloud head
The frontolysis at the end of the bent-back front is
where the isentropes spread apart in the horizontal.
Combined with the lower static stability produced by the
cold-air advection and sensible heat fluxes, downward
momentum transfer occurs, producing the sting jet.
Indeed, no less than six previously published figures
have shown that the sting jet occurs downstream of the
spreading of the isentropes (e.g., Figs. 3b and 4b in
Grønås 1995; Fig. 7 in Clark et al. 2005; Fig. 5 in Baker
2009; Fig. 12 in Smart and Browning 2013; Fig. 5 in
Baker et al. 2013a). These cases provide support for the
generality of this approach beyond the single case study
presented in this article.
Moreover, the transition between ascent and descent
associated with Petterssen frontogenesis is consistent
with the transition between ascent and descent along
sting-jet trajectories in previous studies (e.g., Clark et al.
2005; Smart and Browning 2013) and explains why the
sting jet emerges from the cloud head: the forced descent associated with the frontolysis evaporates the
cloud. Although evaporation of precipitation may occur
within the sting jet and make the air negatively buoyant,
evaporation is not essential to the initiation of the sting
jet, and it may not be essential to its intensity, as well
(Baker et al. 2013a; Smart and Browning 2013).

b. Why sting jets are mesoscale phenomena

FIG. 3. The 925-hPa potential temperature (thin solid lines every
1 K) and 925-hPa wind speed (m s21, shaded according to scale at
the left side of the panel) at 1800 UTC 7 Dec 2005. (a) Near-surface
static stability measured by the potential temperature at 900 hPa
minus the potential temperature at 950 hPa (contoured at 21,
20.5, 0, 0.5, 1, 1.5, 2, and 2.5 K), (b) 925-hPa potential temperature
advection (contoured 29, 23, 21, 1, 3, and 9 3 1024 K m21 s21),
and (c) surface sensible heat flux (W m22). All fields are derived
from a WRF simulation initialized at 1200 UTC 7 Dec 2005 and are
passed through the 9-point smoother within GEMPAK.

Because frontogenesis is a mesoscale process and its
associated circulation occurs on the mesoscale, the sting
jet necessarily will have mesoscale dimensions in the
mid- and lower troposphere. For example, Clark et al.
(2005) found that the sting jet at 650 hPa was only
50 km wide. The vertical velocities in sting jets have mesoscale magnitudes of order 1 Pa s21 or 10 cm s21 (Clark
et al. 2005; Martı́nez-Alvarado et al. 2012; Smart and
Browning 2013), requiring several hours to realize the
descent from the midtroposphere. Indeed, such vertical
velocities are sufficient: only 1 Pa s21 of descent acting for
6 h yields 216 hPa of descent. Moreover, the strongest
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FIG. 4. Vertical cross sections through the bent-back front at 1800 UTC 7 Dec 2005 (locations shown in Fig. 2).
Vertical axis is pressure in hPa. Locations are shown where (a),(b) AA0 intersects the region of frontogenesis and
(c),(d) BB0 intersects the region of frontolysis and sting jet. (a),(c) Petterssen frontogenesis [K (100 km)21 (3 h)21,
shaded according to scale at the top of the panel], potential temperature (green lines every 2 K), and wind speed
(thick solid lines every 5 m s21 starting at 30 m s21). (b),(d) Petterssen frontogenesis [K (100 km)21 (3 h)21, shaded
according to scale at the top of the panel], potential temperature (green lines every 2 K), and omega (dashed lines and
arrows represent ascent labeled at 20.4, 20.8, 21.2, 21.8, 22.4, 23.0, and 23.6 Pa s21; solid lines and arrows denote
descent every 0.4 Pa s21). The sting jet and the warm conveyor belt (WCB) into (5) and out of (1) the page are
labeled. Each tick mark on the horizontal axis represents 12 km. All fields are derived from a WRF simulation
initialized at 1200 UTC 7 Dec 2005 and are passed through the 9-point smoother within GEMPAK.

winds do not need to be collocated with the strongest
descent or the strongest winds in order to produce a localized wind maximum. All that is required is that localized descent occurs in a region where the wind speed
increases with height. Trajectories presented in previous
studies confirm the midtropospheric origin of the sting jet
(e.g., Baker 2009; Parton et al. 2010; Gray et al. 2011;
Baker et al. 2013a), which is consistent with the vertical
scale of the frontal zone (e.g., Fig. 17 in Neiman et al.
1993; Fig. 13 in Clark et al. 2005; Figs. 16–17 in Parton
et al. 2009; Fig. 6d in Smart and Browning 2013). All this
evidence points to a mesoscale phenomenon related to
the front responsible for the descent.

c. Why sting jets only occur in Shapiro–Keyser
cyclones
Parton et al.’s (2010) climatology of strong-wind events
over the United Kingdom indicated that sting jets

only occurred within Shapiro–Keyser cyclones. Petterssen
frontogenesis indicates why sting jets are favored in
Shapiro–Keyser cyclones, but not Norwegian cyclones
(Fig. 7). The diffluence at the end of bent-back fronts in
Shapiro–Keyser cyclones favors frontolysis and descent
on the warm side of the front (Fig. 7b), but no frontolysis
happens in the wrap-up characterizing occluded fronts in
Norwegian cyclones (Fig. 7a; Rotunno et al. 1998; Schultz
and Vaughan 2011). Indeed, calculations of near-surface
Petterssen frontogenesis in Shapiro–Keyser cyclones
are frontolytic at the end of the bent-back front (e.g.,
Figs. 11a and 15a in Takayabu 1986; Fig. 13c in Sch€
ar and
Wernli 1993; Fig. 7 in Schultz et al. 1998; Figs. 4e,f in
Schultz and Zhang 2007), but regions of near-surface
frontolysis in developing and mature Norwegian cyclones
are almost entirely absent (e.g., Fig. 14 in Schultz and Mass
1993; Figs. 4d,h in Market and Moore 1998; Figs. 18a,b in
Martin 1998a; Fig. 3 in Schultz et al. 1998).
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FIG. 6. Conceptual model for the location of a sting jet (orange
shading) in a Shapiro–Keyser cyclone, highlighting regions of lowertropospheric frontogenesis (blue shading surrounded by solid lines)
and frontolysis (blue shading surrounded by dashed lines). Thin
lines are lower-tropospheric (e.g., 925 hPa) isentropes (u, u 1 Du,
u 1 2Du), frontal symbols are conventional, and L marks the position
of the surface low center.
FIG. 5. The 700-hPa relative humidity (%, shaded according to
scale at the left side of the panel), 925-hPa potential temperature
(thin solid lines every 2 K), and 925-hPa wind speed (thick solid
lines every 5 m s21 starting at 30 m s21). (a) 1800 UTC 7 Dec and
(b) 0000 UTC 8 Dec 2005. All fields are derived from a WRF
simulation initialized at 1200 UTC 7 Dec 2005 and are passed
through the 9-point smoother within GEMPAK.

This hypothesis is based on previous and present research and motivates the following proposed forecasting
approach. Although the sting jet is a maximum of
strong surface winds, these winds originate aloft and
are advected down by the frontolytical secondary circulation (perhaps with acceleration along the way). For
these midtropospheric winds to reach the surface, two
conditions must be met.
First, frontolysis and the resulting secondary circulation must be strong enough and last long enough to
advect strong winds aloft down to the lower troposphere. Because the intensity of a frontal circulation
depends upon the symmetric stability (e.g., Thorpe and
Emanuel 1985), even frontal circulations in a symmetrically stable environment may produce descent. CSI may

enhance the frontal circulation, producing more rapid
descent and greater accelerations (e.g., Gray et al. 2011;
Baker et al. 2013a), and CSI may distinguish those sting
jets that reach the surface from those that do not (Gray
et al. 2011). Nevertheless, the forcing associated with the
frontolysis determines the location of the descent. The
stability merely modulates the strength of the descent.
Second, whether the descending air reaches the surface depends upon the static stability of the boundary
layer. If the stability is too large, weak vertical mixing
may inhibit the downward advection of high-momentum
air (e.g., Browning and Field 2004; Baker et al. 2013a).
Indeed, our results show that the sting jet occurs in a region of near-neutral static stability near the surface, which
would facilitate efficient mixing within the boundary
layer.
Although this article argues for the utility of Petterssen
frontogenesis to locate potential sting jets, such an approach cannot be used to identify regions of strong winds
associated with the cold conveyor belt. As discussed
previously, the strong winds in the cold conveyor belt
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toward the surface. Sting jets that reach the surface may
be caused by intense frontolysis and strong descent in a
weakly stable or unstable environment, encountering
near-surface cold advection that further destabilizes
the near-surface boundary layer and aids the mixing of
momentum. Synthesis of these new results with the previous literature showed that this mechanism is consistent
with the previously documented physical characteristics
of sting jets. Specifically, frontolysis explains the location
of sting jets at the end of the bent-back front, their mesoscale dimensions, and their occurrence within Shapiro–
Keyser cyclones. The result, therefore, is an improved
conceptual model for sting jets as a component of the
frontal structure and evolution of Shapiro–Keyser cyclones (Fig. 6). Further cases are necessary to generalize the above results and test the proposed forecast
approach.

FIG. 7. Schematic comparison of the lower-tropospheric (e.g.,
850 hPa) structures of the (a) Norwegian occlusion and (b) Shapiro–
Keyser frontal fracture. Dashed lines denote geopotential height,
thin solid lines denote potential temperature, thick solid lines represent fronts, and thick line segments represent axes of dilatation of
total horizontal wind with segment length proportional to the resultant deformation. Areas surrounded by dotted lines labeled FL in
(b) represent regions of frontolysis, and K and W in (a) and
(b) denote the cold and warm regions of the cyclones, respectively.
The characteristic scale of the cyclones based on the distance from
the geopotential height minimum, denoted by L, to the outermost
geopotential height contour is 1000 km. [Figure and caption from
Fig. 10 in Schultz et al. (1998).]

are distinct from the strong winds in the sting jet and
are not dealt with in this article. Also, strong winds
associated with Norwegian cyclones (cyclones generally lacking strong near-surface frontolysis) would not
be diagnosed with this approach.
To summarize, this article showed the value of assessing Petterssen frontogenesis when forecasting the
potential for sting jets, thereby elucidating a possible
physical mechanism for their initiation: descent due to
frontolysis at the end of the bent-back front in Shapiro–
Keyser cyclones advecting down higher-momentum air
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