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Cold-conveyor-belt jet, sting jet and slantwise circulations in
idealized simulations of extratropical cyclones
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The present study investigates the formation of sting-jet cyclones using an idealized
configuration of a high-resolution mesoscale numerical model. The initial set-up is
composed of axisymmetric finite-amplitude synoptic-scale cyclones added to a baroclinic
zonal jet. When the surface cyclone is initialized on the warm-air side of the zonal jet, a
strong bent-back warm front forms, which is a favourable condition for sting jets. A rather
high vertical resolution of about 200 m in the lower troposphere is required to obtain
well-formed slantwise circulations near the cloud head and to make the distinction between
cold-conveyor-belt jet and sting jet. In contrast, when the surface cyclone is initialized on
the jet axis, the surface cyclone is more representative of the Norwegian cyclone model and
the bent-back warm front is almost non-existent.

Sting-jet mechanisms are analyzed using backward Lagrangian trajectories. A minority
group of air parcels entering the sting-jet region undergoes diabatic cooling due to
sublimation of snow and graupel. The majority group does not present such a diabatic
cooling and corresponds to descending air masses from the cloud-head region in a
near-neutral environment with respect to conditional symmetric instability. Indeed, the
saturated moist potential vorticity is near zero and the momentum surfaces and saturated
moist isentropes are quasi-parallel in the main slantwise descent. The latter descent is shown
to be geostrophically forced by the strong divergent component of the along-front Q vector.

Boundary-layer processes are also analyzed. In most areas, the static stability being
strong, there is no penetration of descents coming from the sting jet into the boundary layer
and the peaks in surface wind gusts are connected to intrinsic boundary-layer convective
cells and parametrized turbulence. Such a penetration occurs in some areas but is not
related to the strongest wind gusts.
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1. Introduction

Damaging surface winds inside intense extratropical cyclones
can be caused by sting jets (Browning, 2004). These transient
mesoscale jets occur at the later stage of the conceptual cyclone
model of Shapiro and Keyser (1990), more specifically at phases III
and IV, which are characterized by a frontal T-bone shape, a bent-
back warm front and seclusion of warm air. The jets appear in the
frontal fracture region ahead of the bent-back warm front, i.e. in
the dry slot of the cyclone located to the south of the low centre.
Sting-jet air streams descend from the cloud head in the mid-
troposphere down to the top of the boundary layer within a few
hours. Sting jets were first introduced by a series of articles on the
Great Storm of October 1987 using radar, satellite observations
(Browning, 2004; Browning and Field, 2004) and mesoscale
numerical simulations (Clark et al., 2005). They showed that the
descent of these air masses to the top of the boundary layer is

organized by multiple mesoscale slantwise circulations. The high-
momentum air associated with the sting jets is then transmitted
to the surface through downward mixing by boundary-layer
processes (Browning and Field, 2004). Note that the sting jet and
the cold-conveyor-belt (CCB) jet located beneath it correspond
to distinct air masses (Clark et al., 2005), even though they can
merge at some point (Martı́nez-Alvarado et al., 2014).

Statistical studies suggest that sting jets are not frequent.
Looking at wind-profiler observations, Parton et al. (2010)
showed that, over 7 years, 9 out of 117 strong wind phenomena
were sting-jet storms. The reanalysis-based study by Martı́nez-
Alvarado et al. (2012) showed that around 30% of the 100 most
important cyclones in the North Atlantic domain between 1989
and 2009 satisfy the conditions for a sting jet.

Among the mechanisms enhancing the winds within sting-
jet regions, conditional symmetric instability (CSI: Bennetts
and Hoskins, 1979; Schultz and Schumacher, 1999) is the
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most commonly accepted one. Firstly, the existence of coherent
mesoscale slantwise circulations suggests the release of instability
(Browning, 2004; Parton et al., 2009). Secondly, there is also much
evidence that the necessary conditions for CSI are satisfied, such
as the negative values reached by the saturated moist potential
vorticity (MPV*) near the tip of the cloud head (Gray et al.,
2011; Baker et al., 2014). Another potential mechanism is the
evaporative cooling of cloud filaments or precipitation residues.
Browning (2004) suggested that the evaporating tip of the cloud
head may play a role in accelerating the descending branch of
the slantwise circulations. By reducing the static stability near
the top of the boundary layer, evaporative cooling may also act
to facilitate the downward transfer of momentum to the surface
via turbulent mixing or convective circulations (Browning et al.,
2015). The role of the cooling due to evaporation of hydrometeors
is still unclear because, when its effect is turned off in numerical
simulations, the wind strength or the descent rate of sting-jet
air streams do not change (Baker et al., 2014). Finally, another
mechanism to generate sting jets is the descent associated with
the frontolysis ahead of the bent-back warm front (Schultz and
Sienkiewicz, 2013). This could initiate the release of CSI or
accentuate slantwise ageostrophic circulations.

Most of our knowledge regarding sting jets is based on obser-
vations or simulations of real cases. There are very few idealized
numerical studies of sting jets (Cao, 2009; Baker et al., 2014).
Cao (2009) performed idealized simulations of an extratropical
cyclone, the wind-speed maximum in the frontal fracture region
of which was close to regions satisfying CSI conditions. In that
sense, it brought similarities with sting-jet features. However,
both vertical and horizontal resolution of the simulation were
not high enough to resolve CSI circulations, according to the
thresholds mentioned by Persson and Warner (1993) and Schultz
and Schumacher (1999). Baker et al. (2014) presented idealized
simulations of sting jets with higher horizontal and vertical
resolutions. They showed evidence of the existence of a sting jet
with descending air streams originating in the cloud head, having
negative MPV* and reaching the top of the boundary layer in the
frontal fracture region. As such, they confirmed the importance
of CSI. In contrast, the evaporation of hydrometeors was shown
to have no influence in their simulations. The present article
aims at investigating the occurrence of sting jets further within
an idealized numerical framework.

The initial set-up of our idealized simulations is composed of
localized finite-amplitude synoptic-scale disturbances added to a
baroclinic zonal jet, similarly to Gilet at al. (2009) or Coronel et
al. (2015). It differs from the other idealized numerical studies
of sting-jet cyclones (Cao, 2009; Baker et al., 2014) in which the
models were initialized with a baroclinic wave. In the present
article, sensitivity to the initial configuration of the disturbances,
especially their position relative to the baroclinic jet axis, will be
analyzed. It relies on the results of Rivière et al.(2015a, 2015b),
showing that the Shapiro–Keyser scenario and the formation
of low-level jets to the south of the depression originate from
cyclones having crossed the baroclinic jet from its warm-air side to
its cold-air one. Another originality of the present article is to ana-
lyze the effect of resolution further. Most of the existing studies on
sting jets are based on a horizontal resolution close to 10 km (Clark
et al., 2005; Parton et al., 2009; Baker et al., 2014), while the present
article will look at the effect of higher resolutions of up to 4 km.
Finally, another area of interest concerns boundary-layer pro-
cesses and how high-momentum air from the sting jet is transmit-
ted from the top of the boundary layer to the surface. It is not clear
what the relative importance of the sting jet and CCB jet is in trig-
gering strong winds at the surface (Smart and Browning, 2014).

Section 2 presents the model and the simulation set-up, includ-
ing a description of the initial conditions. The results are presented
in section 3. The effect of horizontal and vertical resolution on the
representation of low-level jets in the frontal fracture region is first
discussed. Then a systematic analysis of air streams characterizing
CCBs and sting jets is performed using backward Lagrangian

trajectories. Another subsection dedicated to boundary-layer
processes follows. The last subsection of section 3 concerns the
sensitivity to the initial configuration of the synoptic disturbances.
Finally, section 4 includes concluding remarks and a discussion.

2. Methods

2.1. Model

The non-hydrostatic mesoscale research model Meso-NH (Lafore
et al., 1998) is used. It is an Eulerian model with a grid-point
discretization on a staggered Arakawa-C grid with a conformal
projection system of horizontal coordinates and a Galchen
and Somerville (1975) system of vertical coordinates. The
governing equations used in this study are based on the pseudo-
incompressible system of Durran (1989), which is an anelastic
approximation. A fourth-order centred advection scheme is used
for the momentum components and the piecewise parabolic
method (PPM) advection scheme (Colella and Woodward, 1984)
for other variables associated with the leap-frog time-stepping.
Fourth-order explicit horizontal diffusion is applied to the
momentum components only to suppress very short wavelength
modes. With this dynamical configuration, Meso-NH has an
excellent effective resolution, i.e. about 5–6�x, as shown in
Ricard et al. (2013). Subgrid-scale vertical turbulent diffusion is
described by a prognostic turbulent kinetic energy (TKE)-based
scheme with a 1.5-order closure (Cuxart et al., 2000), with the
turbulent length-scale formulation of Bougeault and Lacarrère
(1989). The simulations use a microphysical scheme for humidity:
it is a one-moment bulk-cloud microphysics scheme with five
prognostic hydrometeors (cloud droplets, rain, ice crystals, snow
and graupel mixing ratios, in addition to water vapour), which
corresponds to the ICE3 scheme of Pinty and Jabouille (1998).
The simulations are on an f -plane, centred at 40◦N.

The model set-up is very similar to that used by Coronel et al.
(2015). The difference is that a surface scheme is used here and
resolutions are not necessarily the same. Surface conditions are
specified at the lower boundary, with values corresponding to a
sea surface with a roughness length of 2×10-4 m but with surface
sensible and latent heat fluxes set to zero.

2.2. Simulations set-up

2.2.1. Domain and resolutions

The model domain is 10 000 km long in the zonal direction and
6000 km wide in the meridional direction. The vertical extension
is 16 km. Two resolutions are used in both the horizontal and
vertical coordinates. The low and high horizontal resolutions
correspond to 20 and 4 km grid spacing, respectively. The low
vertical resolution corresponds to a regular vertical level spacing
of 500 m. The high vertical resolution has an irregular vertical
level spacing and increases with altitude, with a stretching of 5%
at every level, in order to have a finer resolution in the low and
middle troposphere. It corresponds to 50–150 m spacing between
the ground and 2 km altitude, 150–290 m between 2 and 5 km
altitude and 290–430 m between 5 and 8 km. Three simulations
with different resolutions are performed; the low–low simulation
denotes the simulation with low resolutions both horizontally
and vertically, the low–high simulation is the simulation with
low horizontal resolution and high vertical resolution and the
high–high simulation is the simulation nested in a subpart of a
parent low–high resolution simulation that uses high resolutions
both horizontally and vertically. This is made using a two-way
nesting, meaning that both simulations run at the same time
and exchange information in both directions, to obtain the
most accurate date for the high–high resolution simulation. It
is nested from x = 6780–9780 km and from y = 1980–3980 km
(see the subdomain in Figure 1(b)). On the borders of the whole
domain, the zonal boundary conditions are cyclic and wall lateral
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(a) (b)

Figure 1. Initial set-up. (a) Vertical cross-section of the basic-state zonal wind (shadings, interval 4 m s−1) and potential temperature (contours, interval 10 K). (b)
Horizontal cross-sections of the potential vorticity anomaly averaged between z=6 and 8 km (shadings, interval 0.2 PVU), the relative vorticity anomaly averaged
between z = 0.5 and 1.5 km (black contours, interval 6×10−6 s−1) and the basic-state zonal wind at z = 8 km (blue contours, interval 10 m s−1). The rectangle in (b)
corresponds to the subdomain in which the high–high simulation is performed.

boundary conditions (zero normal velocity) apply to the southern
and northern boundaries. The model is integrated up to 96 h and
the time step is 30 s for the low–low and low–high resolution
simulations and 6 s for the high–high resolution simulation.

2.2.2. Initial conditions

The basic state of the simulations consists of a baroclinic zonal jet
centred in the middle of the domain (Figure 1(a)). The basic-state
zonal wind varies as a Gaussian function in both the horizontal and
vertical directions. The maximum wind is located at an altitude
of 8 km. The vertical profile of the Brunt–Väisälä frequency is
fixed. In the troposphere, its mean value is 0.012 s−1 and it varies
from 0.01–0.014 s−1. It increases rapidly at 10 km height to reach
0.027 s−1 in the stratosphere. The basic-state temperature field
is then calculated using the thermal wind balance. Finally, the
initial relative humidity is set to 60% from 0–6.5 km height and
0% above.

Two synoptic-scale disturbances of finite amplitude are
initially added to the basic state. The first one is located near the
surface and reaches a peak at an altitude of 1 km. Its latitudinal
position is 1000 km south of the jet. The second one is a cyclonic
anomaly reaching its maximum at 7.5 km near the tropopause
and located 500 km north and 1000 km west of the near-surface
anomaly. This configuration is shown in Figure 1(b) and typically
reproduces a situation seen for storm Klaus (Rivière et al., 2015b,
see their figure 1(a)) or storm Xynthia (Rivière et al., 2012, see
their figure 2(b)). The northwest position of the upper-level
cyclonic anomaly relative to the surface cyclone corresponds
to a typical synoptic configuration of explosive cyclogenesis
(Sanders, 1986). The stream function of the two disturbances has
a Gaussian shape in both horizontal and vertical coordinates and
the temperature is modified accordingly to satisfy the thermal
wind balance. More details on the definition of the disturbances
can be found in Coronel et al. (2015).

The simulation starting from the initial disturbances shown in
Figure 1(b) corresponds to the control initial conditions. Three
additional initial conditions are used to study the sensitivity to the
configuration of the initial disturbances. In the first alternative
initial state, the lower-level perturbation is located at the same
place and the upper-level perturbation is shifted to the south in
order for the perturbations to be zonally aligned 1000 km south
of the jet. It is also shifted slightly westward to maintain the same
distance between perturbations, which are 1120 km apart. The
second alternative initial state has northwest–southeast tilted
perturbations like the control case, but these are shifted 1000 km
to the north in order for the surface perturbation to be located

on the zonal jet axis. The third alternative initial state has zonally
aligned initial perturbations located on the zonal jet axis. These
sensitivities will show how the crossing of the zonal jet affects
the cyclones. Multiple simulations are presented within this
study, of which two will serve as the foundation of the article:
the low–high and high–high resolution simulations with control
initial conditions. Note that the low–high simulation is not the
parent low–high simulation, which is two-way interacting with
the high–high simulation. Rather, it corresponds to the simula-
tion integrated alone and having low horizontal and high vertical
resolution.

3. Results

3.1. Influence of the resolution

Figure 2 depicts the extratropical cyclone at t = 96 h for the
three different resolutions at two different levels in the lower tro-
posphere (z = 0.7 km and 1.7 km). At this time, the cyclone has
already crossed the baroclinic zonal jet and lies mainly on its pole-
ward side. For the high–high simulation (Figure 2(a) and (b)),
regions of strong winds appear to the southwest of the cyclone
centre, with wind-speed maxima reaching roughly the same val-
ues at the two levels. At z = 0.7 km the region of strong winds is
broader, whereas at z = 1.7 km it is narrower and a bit longer on
the eastern side. At z = 0.7 km strong winds are located entirely
in the cloudy region, while at z = 1.7 km they lie near the cloud
head (defined as the region of high relative humidity ahead of the
bent-back warm front) and are concentrated in a narrow dry zone
located between two cloud filaments. The low–high simulation
has similar characteristics and reproduces the high–high simula-
tion quite well, in terms of the intensity and location of the strong
winds (Figure 2(c) and (d)). On the other hand, for the low–low
simulation (Figure 2(e) and (f)), even if it shows similar character-
istics, the strongest winds are less intense, especially at the upper
level, and the dry band at the tip of the cloud head is not as well
collocated with the wind maximum as in the other simulations.

In order to illustrate the differences between the three types
of resolution more precisely, vertical sections are made along the
AA′ section, i.e. across the starting regions of the jets (Figure 3).
The section of the high–high simulation shows the existence of
two well-separated jets, one under and another above the surface
boundary layer (Figure 3(a)). There is an important descent in
the dry zone from z = 4 km, which extends down to the cloudy
regions and reaches the upper jet at about z = 2 km. Note that
above the upper jet is located a zone of ascent. The upper and lower
jets will hereafter be called ‘sting jet’ and ‘cold conveyor-belt jet’,
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(a) (b)

(c) (d)

(e) (f)

Figure 2. Horizontal wind (shadings, interval 4 m s−1), θe (black contours, interval 4 K) and relative humidity greater than 80% (blue contour and stippled areas) at
t = 96 h for (a, c, e) z = 0.7 km and (b, d, f) z = 1.7 km. (a, b) high–high resolution, (c, d) low–high resolution and (e, f) low–low resolution.

respectively; the use of this terminology will be justified in the next
subsections. Once again, the low–high simulation shows almost
identical characteristics to the high–high simulation (Figure
3(b)). In contrast, the low–low resolution presents only one peak
of horizontal wind speed at about z = 1.2 km and there is no
significant wind descent. It confirms the importance of vertical
resolution to represent sting jets, as already mentioned by Clark
et al. (2005) and Parton et al. (2009).

One may argue, based on Lean and Clark (2003), that the flow
representation in the high–high resolution is constrained by the
least well-resolved direction, which is the vertical one here, as it
has only 200 m grid spacing in the lower troposphere. Therefore,
an additional simulation has been performed by decreasing the
vertical grid spacing to 80 m in the lower troposphere and keeping
a 4 km horizontal resolution. In that case, the horizontal/vertical
aspect ratio of the model grid is about 50 (=4000 m/80 m), which
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(a) (b)

(c)

Figure 3. Vertical cross-sections AA′ (see the location in Figure 2) of horizontal wind speed (shadings, interval 4 m s−1), ageostrophic horizontal wind (black vector)
and relative humidity greater than 80% (blue contour and stippled areas) at t = 96 h.

is close to the required ratio estimated by Persson and Warner
(1993) to represent CSI. This new simulation with 80 m vertical
grid spacing leads to results similar to the simulation with 200 m
vertical grid spacing, even though some fields like the vertical
velocity appear noiser in the latter simulation compared with the
former one. In the rest of the article, only results of the simulation
with the 200 m vertical grid spacing (high–high simulation) are
shown.

3.2. Jets and backward Lagrangian trajectories

Six vertical sections across the jets axes are shown in Figure 4 for
the high–high simulation. At the entrance of the jets (sections
AA′ and BB′), the CCB and sting jets are well separated, but they
tend to merge in sections CC′ and DD′, where they reach their
peak amplitude. Further downstream, in their exit regions, the
jets tend to separate again, in section EE′ in particular (Figure
4(e)). These sections confirm that the CCB jet is wider than the
sting jet and show that the latter jet is located more on the left part
of the sections, which means further outward from the cyclone
centre. Another interesting feature of Figure 4 concerns the shape
of the descending motions. On sections AA′, BB′ and CC′, some
strong descending motions coming from the sting jet penetrate the
boundary layer and almost reach the surface (see, for instance, the
abscissa at 80 and 120 km in AA′ or 130 km in CC′). In contrast,
in section EE′ almost all descending air streams starting from the
sting-jet regions are stopped at the top of the boundary layer.
Internal downdraughts exist within the boundary layer, but they
seem to be disconnected from the above dynamics. A dedicated
subsection discussing boundary-layer processes is provided later
in the article. In order to differentiate between CCB and sting-
jet air streams, 18 backward Lagrangian trajectories based on
Eulerian passive tracers (Gheusi and Stein, 2002) are computed
at every time step of the model; these start from section EE′ at

t = 96 h. This is illustrated with coloured crosses in Figure 4(e).
The horizontal distance between the various parcels is wider for
the CCB jet than the sting jet, to take into account the broader
property of the former jet.

The backward trajectories are shown in Figure 5. The trajecto-
ries of the CCB jet show a more rounded shape than the trajectories
of the sting jet, which are more zonally oriented (Figure 5(a) and
(b)). These trajectories are coherent with the descriptions of the
CCB and sting jets by Smart and Browning (2014) (see their
figure 8). CCB trajectories come from near the surface at about
z = 0.2 km and slowly ascend between t = 82 h and 93 h, before
rapidly ascending to reach the altitude z = 1 km at t = 96 h (Fig-
ure 5(c)). Sting-jet trajectories show an ascent from z = 0.2 km to
around z = 3.5 km prior to t = 87 h, followed by a strong descent
for a few hours and finally a slower descent to around z = 1.8 km
(Figure 5(d)). The rather rapid descending motions undergone
by the latter trajectories confirm the existence of a sting jet.

Diagnostics along CCB trajectories are computed and shown
in Figure 6. As already underlined previously, the trajectories
undergo two stages of ascending motions. From t = 82 h to
t = 93 h, during their slow ascent (between the vertical lines
in Figure 6(a)), the trajectories enter the CCB jet and their
horizontal wind speed increases strongly from 10 to 40 m s−1

(Figure 6(b)). Furthermore, their potential temperature increases
slowly in a saturated environment (Figure 6(c) and (d)). The
saturated moist potential vorticity has been computed along the
trajectories as well:

MPV* = 1

ρ
ζ a · ∇θes,

where ρ is the density, ζ a the absolute vorticity and θes the
saturated equivalent potential temperature. During the slow
ascent of the trajectories, MPV* is near zero and sometimes
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(a) (b)

(c) (d)

(e) (f)

C' D'

B'

E' F'

Figure 4. Vertical cross-sections (location shown in Figure 2(a) and (b)) for the high–high resolution of the horizontal wind speed (shadings, interval 4 m s−1),
vertical velocity (black contours, interval 0.02 m s−1; negative values only) and 80% relative humidity (blue contour) at t = 96 h. Coloured crosses indicate the start of
the backward trajectories.

negative, because trajectories move in convectively unstable
regions beneath the CCB jet (Figure 6(e)). From t = 93 h,
trajectories rise more rapidly (Figure 6(a)) without changing their
horizontal wind speed (Figure 6(b)). Their potential temperature
increases (Figure 6(c)) due to condensation and ice formation
(Figure 6(g)), consistent with a decrease in vapour mixing ratio
(Figure 6(f)). We also note a rapid increase in MPV*, consistent
with latent heat release (Figure 6(e)). This later evolution appears
sooner and is more marked for the yellow, green and purple
trajectories than the other six trajectories. Note, finally, that the
increase in horizontal wind speed occurs during the slow ascend-
ing motion, i.e. before the occurrence of strong diabatic processes.
As such, the two processes can be thought of as disconnected.

The sting-jet air parcels have a wind speed near 15 m s−1

between t = 78 h and t = 86 h during their initial ascent. Then,
their rapid descent between t = 87 h and t = 90 h is accompanied
by a rapid increase in wind speed, reaching 40 m s−1 around t =
90 h. When the descent slows down, their wind speed stabilizes
(Figure 7(a) and (b)). During their initial ascent, air parcels are
located inside the cloud and saturated. Then, during their rapid
descent, their relative humidity decreases strongly (Figure 7(d)).
Three trajectories can be isolated from the ensemble. The green,
red and black trajectories show a slower decrease in relative
humidity than the rest. These three trajectories start their
rapid descent at a lower altitude than the others (Figure 7(a)).
During their rapid descent, their potential temperature decreases,
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(a) (b)

(c) (d)

Figure 5. Projections of 3D backward trajectories for the high–high resolution with successive hourly locations starting from (a, c) the cold-conveyor-belt jet and (b,
d) the sting jet at t = 96 h and back to t = 78 h. (a) and (b) Horizontal projections at z = 1 km and z = 1.8 km. (c) and (d) Vertical cross-sections at y = 2900 km
and y = 2870 km, corresponding to the mean latitude of the trajectories at their initial time (see Figure 4(e)). The shadings represent the horizontal wind speed (units:
m s−1) at t = 96 h.

especially for the green and red trajectories (Figure 7(c)), their
vapour mixing ratio increases (Figure 7(f)) and there is indication
of snow and graupel precipitation residues at the same time
(Figure 7(h)). This strongly suggests that these three trajectories
undergo diabatic cooling by evaporation of precipitating
hydrometeors. We have performed an additional experiment
similar to that of Baker et al. (2014) by turning off the cooling
due to the evaporation of precipitating hydrometeors at t = 84 h
in order to obtain a quantitative view of this process. 12 h after
suppressing the evaporative cooling, there is a drastic decrease in
water vapour in the boundary layer and a slight decrease in wind
intensities, with roughly 2 m s−1 lower horizontal wind speed
than in the high–high simulation. Thus, the effect of evaporative
cooling is to enhance winds, as expected from previous studies
(Browning, 2004), but only very slightly in the present case.

The other sting-jet trajectories have a distinct scenario.
Starting their descent at a higher altitude (Figure 7(a)), their
relative humidity decreases abruptly between t = 87 h and
t = 90 h (between the vertical lines in Figure 7(d)), while their
potential temperature and vapour mixing ratio stay almost
constant (Figure 7(c) and (f)). Also, from t = 88 h, the sum
of the cloud and ice mixing ratios is near zero, showing that
the trajectories leave the cloudy regions and there are no
precipitating hydrometeors within the parcels (Figure 7(h)).
Another difference between the red–green–black and the six
other trajectories of the sting jet concerns MPV* (Figure 7(e)).
For the latter trajectories, the MPV* values are near zero, lower
than for the former trajectories, and they reach negative values
during a few hours between t = 88 h and 90 h.

To identify the environment of the different sting-jet air masses
better as a function of time, various cross-sections are shown in

Figure 8, (a, c, e) at t = 90 h when they have left the cloud and are
descending and (b, d, f) at t = 87 h when they are still in the cloud
and beginning the descent. At t = 90 h, the trajectories are in
the dry zone of the cloud head, between z = 2 km and z = 3 km
(Figure 8(a) and (c)). Generally speaking, the air parcels move in
a frontal zone with quasi-parallel m surfaces and θes surfaces. The
quantity m = v + fx is the absolute momentum, where v and
f correspond to the meridional wind and Coriolis parameter,
respectively. The MPV* can be locally negative because of a
sudden change in the orientation of one of the two surfaces
(see e.g. the vertical orientation of the θes surface near the blue
trajectory at x = 8170 km, z = 3 km in Figure 8(e)). Note also
that the red–green–black trajectories are lower than the others
and move in a region close to 80% relative humidity, consistent
with Figure 7(d). At t = 87 h, all nine trajectories are starting to
descend and are located inside the cloud, between z = 3 km and
z = 4 km (Figure 8(b) and (d)). The six highest trajectories are
well separated from the red–green–black ones in the horizontal
plan shown in Figure 8(b), with the latter moving along the
front and the former on the cold side of the front. The group
of six trajectories is located more downstream than the group of
three trajectories considered beforehand, but because the former
group moves in an environment with lower wind speed than the
latter, they will all reach the same region at t = 96 h (Figure 4(e)).
The vertical section of Figure 8(f) shows that the group of six
trajectories is entering the frontal zone from the cold side and
is already moving in an environment where the m surfaces and
θes surfaces are nearly parallel. As before, there are some very
localized regions where the MPV* is negative in the frontal zone
because of a rapid change of direction of one of the two surfaces
(see e.g. the vertically oriented m surface above the blue and
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Figure 6. Time evolution between t = 78 h and 96 h of various variables along the back-trajectories starting from the CCB jet for the high–high resolution. The
dashed and solid vertical lines correspond to 82 and 93 h respectively (see the main text for their meaning).

c© 2016 Royal Meteorological Society Q. J. R. Meteorol. Soc. 142: 1781–1796 (2016)



Idealized Sting-Jet Cyclones 1789

(a) (b)

(c) (d)

(e) (f)

(g) (h)

H
o
ri
z
o
n
ta

l 
w

in
d
 m

 s
−

1
V

a
p
o
r 

m
ix

in
g
 r

a
ti
o
 g

 k
g

−
1

S
n
o
w

+
g
ro

u
p
e
l 
m

ix
in

g
 r

a
ti
o
 g

 k
g

−
1

C
lo

u
d
+

ic
e
 m

ix
in

g
 r

a
ti
o
 g

 k
g

−
1

Time (h) Time (h)

M
o
is

t 
p
o
te

n
ti
a
l 
v
o
rt

ic
it
y
 (

P
V

U
)

P
o
te

n
ti
a
l 
te

m
p
e
ra

tu
re

 (
K

)
P

re
s
s
u
re

 (
P

a
)

R
e
la

ti
v
e
 h

u
m

id
it
y

Figure 7. Same as Figure 6, but for the back-trajectories starting from the sting jet. The dashed and solid vertical lines correspond to 87 and 90 h, respectively (see the
main text for their meaning).

yellow trajectories at x = 7950 km and z = 4 km in Figure 8(f)).
Because the regions of negative MPV* are very localized and do
not span a large area in the frontal zone, this cannot be considered
as a favourable environment for CSI. Since the m surfaces and
θes surfaces are nearly parallel over the whole frontal zone, the
environment can be considered as neutral with respect to CSI.

The neutral character of CSI is confirmed by analyzing the
low–high simulation. The same figures as in Figure 8, but for the
low–high simulation and the same initial position of the trajecto-
ries, have been plotted in Figure 9. This reveals some similar results
and characteristics to the high–high simulation. The groups of
six and three trajectories are still clearly distinguishable, with the
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(a) (b)

(c) (d)

(e) (f)

Figure 8. Back-trajectories starting from the sting jet for the high–high simulation. (a) and (b) Horizontal wind (shadings, units: m s−1), relative humidity greater
than 80% (blue contours and stippled areas) and θe (black contours, interval: 4 K). (c) and (d) Horizontal wind (shadings, units: m s−1), relative humidity greater
than 80% (blue contours and stippled areas) and ageostrophic wind (black vector). (e) and (f) Saturated moist potential vorticity (red shadings; negative values only),
momentum (green contours, interval 4 m s−1) and θes (black contours, interval 2 K). Coloured crosses indicate the positions of the backward trajectories starting from
the sting jet. (a), (c), (e) and (b), (d), (f) correspond to t = 90 h and t = 87 h, respectively.

group of six moving at a higher altitude and more downstream
than the group of three, even though the distinction is less well
marked than previously. The most noticeable difference from the
high–high simulation concerns the structure of the m and θes sur-
faces in the slantwise descending region; these are homogeneously
parallel and do not present any local overturning. Consistently,
the MPV* along the low–high simulation trajectories (not shown)
is systematically slightly positive and sometimes very near zero
for the group of six. Because the overturnings of m surfaces or θes

surfaces in the high–high simulation leading to negative MPV*
are very local and disappear in the low–high simulation, this
confirms the idea that they cannot be considered as a favourable
environment for CSI. Additionally, the horizontal wind speeds
within the sting-jet regions being the same in the high–high and

low–high simulations means we can discard the possibility of
having different mechanisms in play in the two simulations.

Below the main slantwise descending region, there exist some
inertially unstable zones characterized by an overturning of the m
surfaces. This is the case, for instance, for the low–high simulation
at t = 90 h (see x = 8150 km and z = 2.5 km in Figure 9(e))
and can be seen in the high–high simulation as well. These
buckled m surfaces can be thought as resulting from the slantwise
circulations, as the previously mentioned S-shaped m surface
occurs between regions of descending and ascending motion
(compare the arrows in Figure 9(c) with the the S-shaped m
surface in Figure 9(e)). This is reminiscent of what was shown
in the idealized nonlinear simulations of symmetric instability of
Thorpe and Rotunno (1989). This orientation of the m surfaces
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Figure 9. Same as Figure 8, but for the low–high simulation.

results from slantwise circulations which, in the case of Thorpe
and Rotunno (1989), arose as a consequence of the release of
the symmetric instability. Such buckled m surfaces were also
detected in observations (Thorpe and Clough, 1991). However,
these buckled m surfaces reveal the existence of the slantwise
circulations but not necessarily the release of CSI.

To conclude, the sting-jet air masses can be clustered into two
categories. The lowest altitude ones have rather positive values of
MPV* but undergo cooling by sublimation and melting of snow
and graupel hydrometeors and possible subsequent evaporation.
The highest altitude ones have near-zero environmental MPV*
and evolve in an environment of quasi-parallel m and θes surfaces,
which does not prevent their descent. However, the environment
cannot be considered as satisfying the CSI conditions in the strict
sense, as it is nearly neutral for CSI. Hence, the descent should be
triggered by another mechanism, which is discussed later in the

article. Note, finally, that the second category of air masses does
not undergo any diabatic cooling.

3.3. Surface boundary layer

Figure 10 describes boundary-layer processes at t = 96 h. Surface
wind gusts, diagnosed from the mean wind speed and TKE, reach
their maximum around 40 m s−1 to the southwest of the cyclone
and just below the maxima reached by both the CCB and sting
jets (compare Figure 10(a) with Figure 2(a) and (b)). The vertical
cross-section XX′ made in that region shows that there are some
descents starting around z = 2 km penetrating the boundary layer
down to the surface near the abscissa 150 km of Figure 10(c), in a
region where the vertical gradient of θe at the top of the boundary
layer is rather weak. Closer to the front (i.e. near X′), ascents are
also clearly visible; these are associated with strong precipitation
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X ' Y '

X ' Y 'X ' Y '
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(c) (d)

(e) (f)

Figure 10. Boundary-layer fields for the high–high resolution at t = 96 h. (a) Wind gusts at z = 10 m (shadings, interval 2 m s−1) and TKE at first level (black
contours; interval 0.5 m2 s−2. (b) Zoomed-in view of area Z of the precipitation at z = 0.5 km (red shadings, interval 0.02 g kg−1) and the 10 m wind gusts (black
contours; interval 2 m s−1) with maxima axes shown by dashed lines. (c) and (d) Vertical cross-sections of horizontal wind speed (shadings, interval 2 m s−1), vertical
velocity (solid and dashed blue contours for positive and negative values respectively; interval 0.02 m s−1), θe (black contours, interval 2 K) and 3.5 TKE (pink contour).
(e) and (f) Vertical cross-sections of precipitation (red shadings, interval 0.02 g kg−1) and vertical wind (solid and dashed blue contours for positive and negative
values respectively; interval 0.02 m s−1).

across the boundary layer (Figure 10(e)). More downstream, near
x = 9000 km, there is an interesting alternation of local minima
and maxima of surface wind speed of roughly 20 km length-scale
(Figure 10(a), (b), (d) and (f)). This alternation is correlated
with alternation in TKE, vertical velocity and precipitation, as
shown in Figure 10(a), (b), (d) and (f), with descents being
collocated with local maxima of horizontal wind speed and local
minima of precipitation. The length-scale of these variations and
the out-of-phase relationship between the horizontal wind speed
and precipitation bring similarities with the real storm Friedhelm,
analyzed by Vaughan et al. (2015, see their figures 11 and 12). In
contrast with section XX′, section YY′ shows a clear separation
between descents occurring above and below the boundary layer.
There is no real penetration of the descents originating from

the free troposphere, due to the stronger moist static stability in
section YY′ compared with XX′ (see the vertical spacing between
θe surfaces in Figure 10(c) and (d)). Within the boundary layer, the
descents occurring near the shallow clouds might be reinforced
by evaporation of precipitation (Figure 10(f)).

To conclude, the most likely regions of transfer of momentum
to the surface by descents starting from the sting jet are on the right
side of the sting-jet maximum, where the static stability is lower.

3.4. Influence of initial perturbations

The sensitivity of the frontal structures to the location of the
initial perturbations is shown in Figure 11 for the low–high
simulation at t = 90 h. Major differences appear between cases
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(a) (b)

(c) (d)

Figure 11. Vertical velocities (shadings, interval 0.02 m s−1), θe (black contours, interval 4 K; the 282 K contour is in bold) averaged between z = 1 and 3 km and
SLP (green contours, interval 5 hPa; the 950 hPa contour is in bold) at t = 90 h as a function of different initial conditions. (a),(b), (c) and (d) correspond to the
southwest–northeast tilted initial disturbances located south of the jet, the zonally aligned initial disturbances located south of the jet, the southwest–northeast tilted
initial disturbances near the jet axis and the zonally aligned initial disturbances along the jet axis, respectively. The schematics on the upper-right side of each panel
show the initial position of the disturbances relative to the jet.

with the low-level perturbation initially located to the south and
those with the low-level perturbation initially located on the
jet axis. In cases with perturbations initialized south of the jet
(Figure 11(a) and (b)), the cyclones are less wide and slightly
less deep than in other cases (Figure 11(c) and (d)). Major
differences appear in the frontal structures. The warm fronts
are more intense and the warm sectors cover much larger areas
for perturbations initially located to the south. The stronger
warm fronts for perturbations initially located to the south are
accompanied by stronger ascending motions north of the cyclone
centre. Seclusions of warm air and descending motions on the
downstream side of the bent-back warm fronts are also clearly
visible for these cases. In contrast, descending motions are much
weaker for the other cases and are not even detected by the chosen
contour interval. The cold fronts are more similar in terms of
intensity, even though those with initial perturbations along the
jet axis seem to be more active, with more intense ascending
motions ahead of the cold fronts. The initial tilt of the axis formed
by the lower- and upper-level perturbations has a much less
drastic impact on the fronts and the development of the surface
cyclones. To conclude, cyclones initialized south of the jet form
a typical scenario of Shapiro–Keyser cyclone evolution, while
those initialized along the jet axis are more reminiscent of the
Norwegian cyclone model.

Vertical sections of Figure 12 confirm the differences in the
intensity of the vertical velocities. The descending motions of

the perturbations initialized south of the jet reach a maximum
amplitude of about −0.1 m s−1, which is more than four times
greater than for the other cases. It is interesting to note that there
is a secondary slantwise circulation situated on the more outward
side of the cyclone (i.e. closer to Z) for perturbations initialized
south of the jet. This can be related to a second peak in horizontal
wind speed at z = 1.7 km (see Figure 2(b)). For perturbations
initialized on the jet axis, slantwise circulations are visible but
much less intense. There are also two well-separated jets above
and within the boundary layer that have weaker amplitude than
for perturbations initialized south of the jet. The upper jet being
associated with a much weaker descent, it can hardly be called a
sting jet.

The Q vector,

Q = −(g/θ0)
[
(∂ug/∂x) · ∇θ , (∂ug/∂y) · ∇θ

]

(Hoskins et al., 1978) and its divergence have been computed
for the four cases, where θ is the potential temperature, θ0 its
standard value and ug the geostrophic wind. The vertical averages
of the Q vector and its divergence between z = 1 km and z = 3 km
are shown in Figure 13 for the four distinct initial conditions.
For all cases, strong values of the Q vectors are reached to the
westnorthwest of the cyclone and their orientation is clockwise.
The northward orientation of the Q vector to the west of the
cyclone centre, which leads to divergence and convergence of

c© 2016 Royal Meteorological Society Q. J. R. Meteorol. Soc. 142: 1781–1796 (2016)



1794 B. Coronel et al.

Z Z'

jet axis

(a) (b)

(c) (d)

jet axis

Z Z'

Z Z' Z Z'

X (km) X (km)

Z
 (

k
m

)
Z

 (
k
m

)
jet axis

jet axisjet axis

Figure 12. Vertical cross-sections ZZ′ of the vertical velocities (shadings, interval 0.02 m s−1) and the horizontal wind speed (contours; interval 5 m s−1) for the same
experiments as in Figure 11.

the Q vector to the southwest and northwest, respectively, can
be easily explained by the relative position of the upper-level
cyclonic anomaly and the surface cyclone (Rivière et al., 2013, see
their figure 1(e)).

For perturbations initialized south of the jet, the Q vectors are
strongly divergent ahead of the bent-back warm front in the same
regions as the negative vertical velocities shown in Figure 11. The
divergence is much greater than for perturbations initialized on
the jet axis. Therefore, the difference between the two types of
initial conditions in the intensity of descents can be at least partly
explained by geostrophic forcing.

The idea that the descent associated with the sting jet can
be initiated by a dynamical forcing has already been suggested
by Schultz and Sienkiewicz (2013). Their reasoning is based
on the idea that the cross-front ageostrophic circulations are
due mainly to the frontolytic forcing associated with the cross-
front component of the Q vector. Our results partly support
this view, because the cross-front component of the Q vector
is non-negligible; it is outward-oriented relative to the cyclone
centre ahead of the bent-back warm front, consistent with the
two-dimensional picture of frontolytic forcing. However, the
divergence of the Q vector is dominated by its along-front
component. Hence, a three-dimensional view of the Q vector is
necessary to explain the dynamical forcing of the descent ahead of
the bent-back warm front and an analogy with two-dimensional
frontolytic forcing is too simplistic.

4. Conclusion

The present study investigates the formation of sting-jet cyclones
using an idealized configuration of a high-resolution mesoscale
numerical model. The initial set-up is composed of localized
axisymmetric finite-amplitude synoptic-scale cyclones added to
a baroclinic zonal jet. When the surface cyclone is initialized
on the warm-air side of the zonal jet, it undergoes a rapid
displacement across the jet axis and follows the different stages
of the Shapiro–Keyser cyclone model, in particular the bent-
back warm front and warm seclusion stages during which a
sting jet may occur. This evolution is similar to the real storms
studied by Rivière et al. (2015b). It is only in the case of high
vertical resolution (i.e. a vertical grid spacing below 200 m in
the lower troposphere) that slantwise circulations and strong
descents ahead of the bent-back warm front occur and that the
jet appearing in the frontal fracture region can be qualified as a
sting jet. When the surface cyclone is initialized on the jet axis, the
surface cyclone is more representative of the Norwegian cyclone
model, with the bent-back warm front and associated descents
being much weaker. In simulations where a sting jet occurs, i.e.
for an initialization of the surface cyclone on the warm-air side
of the jet and a vertical resolution high enough, the sting jet
appears above the cold-conveyor-belt jet but has weak winds
ahead of it. This differs from the 1987 storm studied by Browning
(2004) and Clark et al. (2005), for which the sting jet extends
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Figure 13. Divergence of the Q vector (shadings, interval 3× 10−16 m−1 s−3), θe (black contours, interval 4 K) and Q vectors (black arrows) averaged between z = 1
and 3 km at t = 90 h as a function of different initial conditions. (a), (b), (c) and (d) correspond to the southwest–northeast tilted initial disturbances located south
of the jet, the zonally aligned initial disturbances located south of the jet, the southwest–northeast tilted initial disturbances near the jet axis and the zonally aligned
initial disturbances along the jet axis, respectively.

beyond the cold-conveyor-belt jet. The simulated sting jet of the
present study is closer to the one appearing in cyclone Friedhelm
(Martı́nez-Alvarado et al., 2014).

The underlying mechanisms responsible for the enhancement
of the winds within the sting jet were discussed using the
Lagrangian framework. More precisely, in the control simula-
tions reproducing a sting-jet cyclone (i.e. for the high vertical
resolution simulations starting from an initial surface cyclone
south of the jet), various quantities along Lagrangian trajectories
have been computed. Backward trajectories starting from the
sting-jet region have been clustered into two groups. The first
group shows evidence of diabatic cooling due to sublimation of
snow and graupel hydrometeors near the cloud head, but with an
environment characterized by positive saturated moist potential
vorticity. The second group shows a rather neutral environment
relative to conditional symmetric instability, with the saturated
moist potential vorticity fluctuating near zero. Indeed, even
though the high horizontal resolution simulation shows that
the sting-jet air parcels travel across negative saturated moist
potential vorticity regions, the latter are very localized compared
with the size of the slantwise circulations and are not repre-
sentative of an unstable environment. This view is confirmed
by analyzing the low horizontal resolution simulation, which
also brings the same characteristics of slantwise circulations and
sting-jet intensities as the high horizontal resolution simulation,

but without exhibiting any negative saturated moist potential
vorticity. These conclusions on the role of conditional symmetric
instability for sting-jet formation differ from the other idealized
numerical studies (Cao, 2009; Baker et al., 2014).

Our results suggest that a dynamical geostrophic forcing is
largely responsible for initiating the slantwise descents. Indeed,
in regions of strong descents the Q vectors are strongly divergent,
while in the simulations where the descents are weak the diver-
gence of the Q vectors is much weaker. The idea that a dynamical
forcing favours the slantwise descent has already been suggested
by Schultz and Sienkiewicz (2013). These authors referred to the
classical two-dimensional frontogenetic/frontolytic framework
to explain the slantwise circulations. However, in our case, it is
the along-front component of the Q vector that dominates its
divergence and not the cross-front component of the Q vector,
which has a smaller impact. To conclude, our results support
the idea that the three-dimensional structure of the Q vector
creates a forcing initiating the descents, which are not slowed
down by any restoring force, since the conditions for conditional
symmetric instability are near-neutral.

Another aspect analyzed in the present article is the penetration
of the descents starting from the sting-jet regions within the
boundary layer and their relation to surface wind gusts. In
most regions, strong surface wind gusts are correlated with
descents starting within the boundary layer at the level of the
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cold-conveyor-belt jet. In particular, downstream of the cold-
conveyor-belt and sting jets, an alternation of descents and
ascents with 20 km length-scale is seen, associated with maxima
and minima of surface wind speeds, respectively. This suggests
that the vertical mixing associated with these boundary-layer
convective cells is partly responsible for transporting momentum
downward, together with the parametrized turbulent fluxes.
In more rare regions, where the static stability at the frontier
between the free troposphere and the boundary layer is weaker,
some descents starting from the free troposphere near the main
slantwise descending circulation penetrate down to the surface.
To conclude, the strongest wind gusts do not seem to be connected
directly to the sting-jet air streams in most cases. Further analysis is
needed to look at the sensitivity of these boundary-layer processes
to various parameters.

Acknowledgements

The authors would like to acknowledge the two anonymous
reviewers for their instructive comments that helped to clarify
the presentation of the results. This work was supported by the
French national programme LEFE/INSU.

References

Baker LH, Gray SL, Clark PA. 2014. Idealised simulations of sting-jet cyclones.
Q. J. R. Meteorol. Soc. 140: 96–110.

Bennetts DA, Hoskins BJ. 1979. Conditional symmetric instability –a possible
explanation for frontal rainbands. Q. J. R. Meteorol. Soc. 105: 945–962.

Bougeault P, Lacarrère P. 1989. Parameterization of orography-induced
turbulence in a mesobeta–scale model. Mon. Weather Rev. 117: 1872–1890.

Browning KA. 2004. The sting at the end of the tail: Damaging winds associated
with extratropical cyclones. Q. J. R. Meteorol. Soc. 130: 375–399.

Browning KA, Field M. 2004. Evidence from Meteosat imagery of the interaction
of sting jets with the boundary layer. Meteorol. Appl. 11: 277–289.

Browning KA, Smart DJ, Clark MR, Illingworth AJ. 2015. The role of
evaporating showers in the transfer of sting-jet momentum to the surface.
Q. J. R. Meteorol. Soc. 141: 2956–2971, doi: 10.1002/qj.2581.

Cao Z. 2009. The sting jet in a simulated extratropical cyclone. Open Atmos.
Sci. 3: 212–218.

Clark PA, Browning KA, Wang C. 2005. The sting at the end of the tail: Model
diagnostics of fine-scale three-dimensional structure of the cloud head.
Q. J. R. Meteorol. Soc. 131: 2263–2292.

Colella P, Woodward P. 1984. The numerical simulation of two-dimensional
fluid flow with strong shocks. J. Comput. Phys. 54: 115–173.

Coronel B, Ricard D, Rivière G, Arbogast P. 2015. Role of moist processes
in the tracks of idealized midlatitude surface cyclones. J. Atmos. Sci. 72:
2979–2996.

Cuxart J, Bougeault P, Redelsperger JL. 2000. A turbulence scheme allowing
for mesoscale and large-eddy simulations. Q. J. R. Meteorol. Soc. 126: 1–30.

Durran DR. 1989. Improving the anelastic approximation. J. Atmos. Sci. 46:
1453–1461.

Gal-Chen T, Somerville RCJ. 1975. On the use of a coordinate transformation
for the solution of the Navier–Stokes equations. J. Comput. Phys. 17:
276–309.

Gheusi F, Stein J. 2002. Lagrangian description of air-flows using Eulerian
passive tracers. Q. J. R. Meteorol. Soc. 128: 337–360.

Gilet JB, Plu M, Rivière G. 2009. Nonlinear baroclinic dynamics of surface
cyclones crossing a zonal Jet. J. Atmos. Sci. 66: 3021–3041.

Gray SL, Martinez-Alvarado O, Baker LH, Clark PA. 2011. Conditional
symmetric instability in sting-jet storms. Q. J. R. Meteorol. Soc. 137:
1482–1500.

Hoskins BJ, Draghici I, Davies HC. 1978. A new look at the ω-equation.
Q. J. R. Meteorol. Soc. 104: 31–38.

Lafore JP, Stein J, Asencio N, Bougeault P, Ducrocq V, Duron J, Fischer C,
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