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Introduction

The structure, evolution and dynamics of two lower stratospheric frontal zones are
examined from a basic state variables perspective. The case studies highlight the
asynchronous evolution of the lower stratospheric and upper tropospheric frontal
portions of upper level jet-front (ULJF) systems, as well as some substantial differ-
ences in lower stratospheric frontal development that occur in southwesterly and
northwesterly flow. The evolution of the ULJF in northwesterly flow was charac-
terized by an initially intense but weakening lower stratospheric front along with
an initially weak but intensifying upper tropospheric front. Throughout the evo-
lution, geostrophic cold air advection in cyclonic shear characterized a substantial
portion of the lower stratospheric front. This circumstance supported subsidence
through the local jet core within the cold upper troposphere, weakening the lower
stratospheric front via tilting. This subsidence extended downward below the jet
core where it is suggested to have played a role in the early stages of upper tropo-
spheric frontogenesis. In the southwesterly flow case, the evolution of the ULJF was
characterized by a strengthening lower stratospheric front and a weakening upper
tropospheric front. A deep column of upward vertical motion resulted from the
superposition of lower tropospheric ascent associated with convection along a sur-
face cold front and upper tropospheric-lower stratospheric (UTLS) ascent through
the jet core coincident with geostrophic warm air advection in cyclonic shear along
large sections of the lower stratospheric front. The UTLS ascent, located on the cold
edge of the lower stratospheric baroclinicity, served to intensify the lower strato-
spheric frontal zone via tilting. The implications of these lower stratospheric frontal
processes on the topography of the tropopause and downstream sensible weather are
discussed. Copyright (¢) 2012 Royal Meteorological Society
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of vertical shear located above and below the jet core are

Upper level jet-front (ULJF) systems are ubiquitous dynamic
and thermodynamic features found in the vicinity of the
midlatitude tropopause. These systems are characterized
by a local wind speed maximum (i.e. the jet core) along
the sloping midlatitude tropopause surface. The regions
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directly associated with attendant baroclinic zones (i.e. the
fronts) via the thermal wind relationship (Figure 1). Since
the mid-twentieth century, the structure, evolution and
life cycle of these ULJF systems have been studied in the
context of clear air turbulence (e.g. Reed and Hardy, 1972;
Kennedy and Shapiro, 1975, 1980; Shapiro, 1976; Keller,
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Figure 1. Vertical cross-section of isotachs (m s}, solid) and isentropes

(K, dashed) through an ULJF at 0000 UTC 17 April 1976, using NWS
radiosonde data from Winslow, AZ (INW), Tuscon, AZ (TUS), and
Fraccionamiento, Mexico (FRC) and supplemented with NCAR Sabreliner
aircraft data. The regions of locally enhanced baroclinicity, static stability,
and horizontal and vertical shear are shaded, representing the upper
tropospheric front (UT Front) below the jet core and the lower stratospheric
front (LS Front) above the jet core. Bold black line is the 1.5 PVU
(1PVU=10"° K m? kg~!' s7!) identifying the dynamic tropopause.
(Adapted from Shapiro, 1981).

1990), stratosphere—troposphere exchange and chemical
transport (e.g. Danielsen, 1964; Shapiro, 1980; Holton et al.,
1995; Stohl et al., 2003), and the extratropical cyclone life
cycle (e.g. Uccellini et al., 1985; Sanders, 1988; Whitaker
etal., 1988; Barnes and Colman, 1993; Lackmann et al.,
1997). For a detailed review of the first half-century of
research on ULJFs the reader is directed to Keyser and
Shapiro (1986).

To date, research into ULJFs has centred on the life
cycle and associated implications of the upper tropospheric
component of these systems, known as upper level fronts or
upper tropospheric fronts (labelled ‘UT Front’ in Figure 1). A
number of studies, including Uccellini et al. (1985), Sanders
(1988), Whitaker et al. (1988), Barnes and Colman (1993)
and Lackmann etal. (1997), have demonstrated the role
of upper tropospheric frontogenesis in the development
of surface cyclones. These studies suggested that the
ageostrophic transverse vertical circulation associated with a
dynamically active ULJF not only provides the cross-stream
differential subsidence required to intensify the upper level
front, but simultaneously steepens and lowers the dynamic
tropopause below the jet core. This process forces a thin
wedge of stratospheric air, characterized by large (small)
values of potential vorticity (water vapour), downward
into the upper and middle troposphere. Within the upper
troposphere the large potential vorticity is manifest as a local
maximum in absolute vorticity, providing an upper level
precursor disturbance to a wave-scale surface cyclogenesis
event and implicating ULJFs in the incipient stages of the
extratropical cyclone life cycle.

Additionally, the folding of the dynamic tropopause in
association with intense upper tropospheric frontogenesis
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has been cited as one of the most efficient and
dominant forms of stratosphere—troposphere exchange
in the midlatitudes (Mohanakumar, 2008). The role
of individual ULJFs, specifically the upper tropospheric
front, in stratosphere—troposphere exchange has been well
documented (e.g. Danielsen, 1968; Shapiro etal., 1987;
Lamarque and Hess, 1994; Eisel et al., 1999). The substantial
displacements of the dynamic tropopause on isentropic
surfaces that occurs within tropopause folds facilitate the
exchange of mass across the tropopause (Stohl et al., 2003).
As a result of the synoptic and mesoscale processes in the
vicinity of a tropopause fold, dry, ozone-rich stratospheric
air descends into the troposphere and can irreversibly mix
with tropospheric air. It is hypothesized that at least 10% of
global tropospheric ozone originates from the stratosphere
viaintense upper tropospheric frontogenesis and tropopause
folding (Mohanakumar, 2008).

As deep, three-dimensional, features centred about the
tropopause, ULJF systems have significant vorticity and
thermal structures residing both in the upper troposphere
and in the lower stratosphere (lower stratospheric front,
labelled ‘LS Front’ in Figure 1). While the majority of re-
search attention regarding ULJFs has been focused on the
upper tropospheric portions of these systems, little synoptic
research attention has been given to the portions of these
structures that reside above the jet core, within the lower
stratosphere. The importance of the lower stratospheric
portion of midlatitude ULJF systems has, for the most
part, only been considered in so far as it is manifested
in a zonally averaged sense and on seasonal timescales.
As summarized by Shepherd (2002), the zonally averaged
meridional temperature gradient, associated with the sloping
midlatitude tropopause, is coupled (via thermal-wind) to
the zonal wind field at and above the tropopause. The zonal
wind field there determines the propagation characteristics
of atmospheric waves into the stratosphere, thus effecting
the large scale stratospheric circulation and the seasonal
scale stratosphere—troposphere exchange accomplished via
the wave-driven Brewer—Dobson circulation. However, on
shorter synoptic time-scales the details of the structure,
evolution and dynamics of the lower stratospheric frontal
portions of individual ULJF systems, remain incomplete.
Similarly, the comprehensive role of ULJFs in the cyclone
life cycle remains incomplete so long as the portions of ULJF
systems that reside within the lower stratosphere continue
to receive scant research attention. This article will provide
a contribution toward developing a more comprehensive
view of the synoptic dynamics of the midlatitude lower
stratosphere by examining the structure, evolution, and
dynamics of the lower stratospheric portions of two recently
observed cases of ULJFs.

The article is structured in the following manner: a history
of research regarding the lower stratospheric portion of
ULJFs and a background on frontogenesis is provided in
section 2. A case study of ULJF evolution in northwesterly
flow is presented in section 3. A case of ULJF evolution
in southwesterly flow is presented in section 4. Finally, a
summary and discussion of the analyses are provided in
section 5.

2. Background

In one of the first conceptual models of an upper level jet-
front system, Berggren (1952) proposed that a continuous
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Figure 2. Vertical cross-section of isotachs (m s~!, solid) and isentropes
(K, dashed) from Valentia, Ireland to Hannover, Germany at 0300 UTC
9 November 1949. The shaded area represents a continuous frontal zone as
described by Berggren (1952). (Adapted from Berggren, 1952).

frontal zone (the polar front) stretched upward from the
surface, through the upper troposphere and into the lower
stratosphere (Figure 2). In the upper troposphere, the front
was characterized by mesoscale gradients of temperature
as well as cyclonic shear. At the level of maximum wind
the feature was manifest solely as a mesoscale zone of
cyclonic shear, while in the lower stratosphere, where the
gradient of temperature reversed above the jet core, the
front once again was characterized by both temperature
gradients and cyclonic shear. This proposed model, which
included mesoscale structures at and above the jet core,
was largely dismissed due to lack of consistent balloon
observation of the lower stratosphere (Palmén, 1958),
allowing subsequent research attention to remain focused
on the more consistently and conveniently observable upper
tropospheric half of these systems. It was not until the
1960s, when instrumented research aircraft observations in
field campaigns became a routinely available supplement
to conventional radiosonde data, that a much-improved
resolution of ULJF structures was afforded (i.e. Danielsen,
1964; Shapiro, 1976). Using such high-resolution aircraft
measurements, Shapiro (1976) confirmed that there was
indeed a mesoscale (~100 km) confinement of cyclonic
wind shear below, at, and above the jet core. His analysis
supported Berggren’s hypothesis of a mesoscale frontal
structure extending from the upper troposphere through
the level of maximum wind, to the lower stratosphere. The
regions of the ULJF that contained larger than background
gradients of either potential temperature or cyclonic shear
(or both) were termed ‘frontal’ by Berggren (1952) and
Shapiro (1976).

Though the notion of one continuous ‘frontal’ region
extending through the tropopause was thus suggested,
theoretical and idealized studies (e.g. Eliassen, 1962; Shapiro,
1981) of ULJFs support the notion that two separate centres
of frontogenetic forcing are vertically separated by the jet
core. In fact, true fronts are regions characterized by both
vertical and horizontal shear as well as locally enhanced
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static stability (i.e. Newton and Trevisan, 1984; Hobbs et al.,
1990; Martin, 2006). Thus, the baroclinic zones in the upper
troposphere and lower stratosphere can be characterized as
two separate fronts, while the cyclonic shear region at the
jet level, characterized as ‘frontal’ by Berggren (1952) and
Shapiro (1976), lacks the characteristics of a true frontal
zone.

Early analyses of lower stratospheric thermal structure
in the midlatitudes revealed that above the jet core the
warmest and coldest air were arranged in elongated parallel
bands, horizontally separated by the wind speed maximum.
This led several researchers (Palmén, 1948; Riehl, 1948;
Palmén and Nagler, 1949) to hypothesize that the wind and
thermal fields above the jet were connected with a cross-
stream vertical circulation. These studies suggested that
the vertical motions in the vicinity of the jet, by virtue
of the strong static stability of the lower stratosphere,
had a rather substantial effect on the horizontal thermal
field via adiabatic warming and cooling. The investigations
into the characteristics of the thermal structure above
the jet core subsequently led to studies focusing on the
nature of the vertical circulations in the vicinity of the jet.
Palmén and Nagler (1949) originally proposed the idea that
superimposed on the wave-scale vertical motion between
a ridge and downstream trough were two separate, cross-
stream vertical circulations associated with the midlatitude
jet; one in the lower stratosphere above the jet core and
another in the upper troposphere below the jet core. It
was suggested that the upward and downward branches of
these circulations, both in the upper troposphere and the
lower stratosphere, could independently act to enhance or
weaken the wave-scale vertical motion associated with an
upper level trough. They suggested that the combination of
the jet circulations and the wave-scale vertical motions had
a substantial effect on the production of sensible weather.

The pioneering work of Reed and Sanders (1953) and
Reed (1955) established that differential vertical motions
near the jet were at the heart of upper tropospheric
frontal development. In the vicinity of the tropopause,
the differential tilting of isentropes associated with cross-
stream gradients of vertical motion could create sloping
stable layers, with roots in the lower stratosphere, that were
characterized by large horizontal temperature gradients. The
differential vertical motion would also act to tilt horizontally
oriented vortex tubes (associated with the vertical shear)
into a more vertical orientation, thus enhancing the vertical
vorticity within the developing upper level front.

In his extension of Sawyer’s (1956) study on jet circulation
dynamics, Eliassen (1962, his figure 4) considered the forcing
for two separate secondary circulation cells, one above
and one below the jet core, associated with geostrophic
deformation as described in the Sawyer (1956)—Eliassen
(1962) equation. These two ageostrophic circulations were
centred about the baroclinic zones lying above and below the
level of maximum wind. A case analysis by Shapiro (1981)
employed the Sawyer—Eliassen equation to calculate the
geostrophic forcing and resulting ageostrophic secondary
transverse circulations associated with a particularly intense
ULJFE. He illustrated that the geostrophic forcing above and
below the jet are not necessarily equal (Shapiro 1981, his
figure 3c). In fact, his particular case depicted a scenario in
which a larger geostrophic forcing was associated with the
lower stratospheric front than with the upper tropospheric
front. Despite the stronger geostrophic forcing in the lower
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Figure 3. Schematic illustration of idealized configurations of potential
temperature along a straight jet streak maximum on an upper tropospheric
isobaric surface. Geopotential height (thick solid), potential temperature
(dashed), isotachs (thin solid filled) with the jet maximum represented by
J, and a sense of the mid-tropospheric Sawyer—Eliassen vertical motions
(up or down) for: (a) no thermal advection along the jet; (b) geostrophic
cold air advection along the jet; and (c) geostrophic warm air advection
along the jet.

stratosphere, Shapiro noted that the higher static stability
in the lower stratosphere resulted in a weaker vertical
circulation there than in the more weakly stratified upper
troposphere. He consequently focused on the robust upper
tropospheric development that characterized the case.

In a second analysis, Shapiro (1982) considered the
secondary circulations associated with idealized variations
of the geostrophic shearing and stretching deformation
forcings in the vicinity of the tropospheric half of the
ULJE. He illustrated that in the absence of temperature
advection (e.g. a case of pure stretching deformation), the
Sawyer—Eliassen circulations in the jet entrance and exit
regions resulted in the traditional four-quadrant model; a
thermally direct (indirect) circulation in the entrance (exit)
region (Figure 3(a)). In cases where cold air advection was
present through the jet core, the thermally direct (indirect)
circulation in the jet entrance (exit) region was shifted
toward the anticyclonic (cyclonic) side of the jet, so that
subsidence characterized the jet core (Figure 3(b)). Such a
distribution of subsidence is consistent with that attributed
to negative vorticity advection by the thermal wind (i.e.
Sutcliffe, 1947; Trenberth, 1978), which exists along the
jet axis when geostrophic cold air advection is present
along an ULJF. Keyser and Pecnik (1987) showed that
subsidence through the jet core is upper frontogenetic, thus
the establishment of geostrophic cold air advection along
the jet has been described as an important aspect of the
upper front life cycle (Rotunno et al., 1994; Schultz and
Doswell, 1999; Lang and Martin, 2010). An environment
characterized by geostrophic warm air advection through the
jet core shifts the thermally direct (indirect) circulation in the
jet entrance (exit) region toward the cyclonic (anticyclonic)
side, so that the jet core is conversely characterized by ascent
(Figure 3(c)).
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Lower Stratosphere

Figure 4. (a)—(c) As for Figure 3(a)—(c) but for a lower stratospheric
isobaric surface.

Figure 4 extends the Figure 3 conceptual model to the
stratospheric half of an ULJF, where the geostrophic vertical
shear and horizontal temperature gradient are reversed
and illustrates the vertical motions forced by the idealized
geostrophic stretching and shearing deformation above
the level of maximum winds. An environment of pure
geostrophic stretching deformation, illustrated as a straight
jet streak in the absence of thermal advection, is shown
in Figure 4(a). Resembling the traditional tropospheric
four-quadrant model, the thermally direct entrance region
and thermally indirect exit region are evident. However,
in this lower stratospheric version of the four-quadrant
model, the jet entrance (exit) region ascent is located on
the cyclonic (anticyclonic) shear side of the jet, opposite
to its location in the corresponding environment below
the jet core. Figure 4(b) shows the resulting circulations
forced by geostrophic cold air advection along an idealized
jet. In this case, the thermally direct (indirect) circulation
shifts toward the cyclonic (anticyclonic) shear side of the
entrance (exit) region. Despite this altered distribution,
the same outcome is produced in the lower stratosphere
as in the upper troposphere, subsidence through the local
jet maximum. Finally, the case of geostrophic warm air
advection along the jet is illustrated in Figure 4(c). As in the
cold air advection case, though the entrance and exit region
circulations shift in opposition to their counterparts below
the jet core, the net result is a band of ascent through the
local jet axis.

3. Northwesterly flow case

3.1.  Synoptic overview

During the first week of February 2008 an ULJF associated
with the polar jet was situated in northwesterly flow
over the west coast of the USA. As this ULJF rounded
the base of an upper level trough between 4 and 5
February an intense upper tropospheric front developed.
This upper tropospheric front was associated with the
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intensification of a midtropospheric shortwave that served
as a precursor disturbance to a surface cyclogenesis event
that brought several states in the Midwest upwards of
30 cm of snow on 5-6 February 2008. The focus of the
present analysis is the northwesterly flow, lower stratospheric
frontal structure associated with the polar jet, prior to and
during the early development of the upper tropospheric
front. Using gridded model analyses from the National
Centers for Environmental Prediction’s (NCEP’s) Eta model
(Eta-104 grid), the evolution of the magnitude of the
200 hPa horizontal potential temperature gradient will be
used to represent the lower stratospheric front, as it was
consistently located above the level of maximum winds
of the northwesterly flow polar jet. The magnitude of the
horizontal potential temperature gradient at 500 hPa will
serve as a measure of the intensity of the upper tropospheric
front.

At 0600 UTC on 4 February the 200 hPa flow was
strongly baroclinic over the western USA (Figure 5(a)).
Both the northwesterly and westerly flow around a broad
trough were characterized by a long baroclinic zone, with a
maximum magnitude of ~8 K (100 km) ! slightly upstream
of the trough axis, off the coast of California. The warmest
potential temperatures at this level were located over the
Great Basin, while the coldest potential temperatures were
found in a region equatorward of and parallel to this main
baroclinic zone. At 500 hPa, the upper tropospheric front
associated with the polar jet was located in the same general
area as its lower stratospheric counterpart, but its intensity
was weaker, with a magnitude of only ~6 K (100 km)~!
over the California—Arizona border (Figure 5(b)).

By 1800 UTC 4 February the amplitude of the 200 hPa
trough had increased (Figure 5(c)). Off the coast of
California, the lower stratospheric front was the noteworthy
feature within the northwesterly flow, with a magnitude
that remained constant (~8 K (100 km)~!). The magnitude
of the thermal contrast decreased downstream of the trough
axis. Though the amplification of the trough was notable
at 200 hPa, at 500 hPa (Figure 5(d)) the baroclinicity
associated with the upper tropospheric front actually
weakened slightly as its maximum intensity dropped to
~4 K (100 km) ™. Clearly, through this time in the life cycle
of this ULJF system, the upper tropospheric front was much
weaker than its robust lower stratospheric counterpart.

At 0600 UTC 5 February the lower stratospheric front
was oriented nearly north—south within the northwesterly
flow, from Nevada to Baja California (Figure 5(e)). The
maximum intensity of the lower stratospheric front had
weakened slightly to ~7 K (100 km)~! and it was centred
over the California—Mexico border, upstream of the trough
axis. The baroclinicity downstream, within the southwesterly
flow, had nearly disappeared. While the lower stratospheric
front began to weaken, the upper tropospheric front at
500 hPa became more coherent within the northwesterly
flow immediately upstream of the trough axis, having
strengthened to ~6 K (100 km)~! while moving to northern
Baja California (Figure 5(f)).

By 1800 UTC 5 February the amplitude of the 200 hPa
trough had decreased (Figure 5(g)). Within the north-
westerly flow, the roughly north—south oriented lower
stratospheric front had further weakened in magnitude
to ~4 K (100 km)~! along the Arizona—Mexico border.
Simultaneously, at 500 hPa, the upper tropospheric front
continued to intensify, reaching a magnitude of ~7 K
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(100 km)~! over the Big Bend region of Texas (Figure 5(h)).
Continued strengthening of the upper tropospheric front
(reaching a magnitude of ~9 K (100 km)~! by 0000 UTC
6 February, not shown) and erosion of the lower strato-
spheric part reinforced the growing disparity in baroclin-
icity that characterized these two features throughout the
northwesterly flow portion of the ULJF system life cycle.
Associated with the upper tropospheric development was
the production of an upper level vorticity maximum (not
shown), which acted as a precursor to surface cyclogenesis,
a process described by Lackmann et al. (1997).

3.2.  Analysis

The analysis focuses on 4 February, the period during the
evolution of this ULJF in which the upper tropospheric
front remained relatively weak while the lower stratospheric
front was the dominant of the two frontal structures. Quasi-
geostrophic (QG) theory was used to diagnose regions of
vertical motion forcing in the vicinity of the polar jet’s lower
stratospheric (200 hPa) frontal zone. The full model vertical
motion from the Eta-104 analyses, available every 6 h, was
used in calculations of tilting frontogenesis*, Fyj;, where

1 060 dwdf OJw IO
(o4 o),

— 1
|VO| 0p 0x dx  dy dy v

tilt =

At 0600 UTC 4 February, geostrophic cold air advection
characterized the ULJF in the entrance region of the
northwesterly jet at 200 hPa (Figure 6(a)). A maximum
in geostrophic cold advection (geostrophic temperature
advection of —12 x 107* K's™!) was located on the cyclonic
shear side of the jet entrance region and in the vicinity of the
most intense portion of the lower stratospheric front, just
off the coast of central California. Coincident with this QG
forcing for descent, subsidence was maximized (—8 cm s~!)
on the cold side of the lower stratospheric front and in
the vicinity of the 200 hPa polar jet core (Figure 6(b)).
As a consequence of this large region of subsidence,
negative tilting frontogenesis (~ —32 x 1078 K m~! s71)
characterized the majority of the northwesterly flow portion
of the lower stratospheric front (Figure 6¢) as sinking cold
air acted frontolytically along the lower stratospheric front.

A vertical cross-section taken through the polar jet along
the line A—A’ in Figure 6 is shown in Figure 7. The lower
stratospheric and upper tropospheric fronts associated with
the polar jet are apparent, though the lower stratospheric
front is the more intense of the two frontal features at this
time (Figure 7(a)). The cyclonic shear side of this lower
stratospheric front was also characterized by geostrophic
cold air advection, with a maximum of —18 x 1074 K s!
at ~275 hPa (Figure 7(b)). At ~230 hPa and within the
largest wind speed at that level, there was a local maximum
in subsidence (—10 cm s™!) coinciding with the QG forcing
along the lower stratospheric front. This subsidence was
maximized above the jet core and to the cold side of the
lower stratospheric front. Such subsidence decreased the
slope of the isentropes and thus decreased the intensity of
the lower stratospheric front above the jet core. The column
of subsidence, most strongly forced in the lower stratosphere,
extended downward through the weakly stratified jet core

*Tilting frontogenesis was calculated at 175 hPa as the vertical motion
at this level was less ‘noisy’ than at 200 hPa.
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Figure 5. (a) 200 hPa geopotential height (solid), potential temperature (dashed), and magnitude of the horizontal potential temperature (shaded) from
the Eta-104 model analysis valid at 0600 UTC 4 February 2008. Geopotential height is labelled in m and contoured every 200 m, isentropes are labelled
in K and contoured every 3 K, and the magnitude of the horizontal potential temperature gradient is shaded every 1 K (100 km)~! beginning at 2 K
(100 km)~!. (b) As for (a) but at 500 hPa. (c) and (d) as for (a) and (b) but from the Eta-104 model analysis valid at 1800 UTC 4 February 2008.

(e) and (f) as for (a) and (b) but from the Eta-104 model analysis valid at 0600 UTC 5 February 2008. (g) and (h) as for (a) and (b) but from the Eta-104
model analysis valid at 1800 UTC 5 February 2008.
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Figure 6. (a) 200 hPa geopotential height (thick solid), geostrophic isotachs (thin solid), isentropes (dashed), and geostrophic temperature advection
(shaded) from the Eta-104 model analysis valid at 0600 UTC 4 February 2008. Geopotential height is contoured every 200 m, isentropes are labelled in K
and contoured every 3 K, isotachs are labelled in m s~! and contoured every 10 m s~!, and dark (light) shading is geostrophic temperature advection
contoured in units of Ks™! every —3 (3) x 10~* K's™!. (b) 200 hPa geopotential height (thick solid), isentropes (dashed) and vertical motion (shaded).
Geopotential height is contoured as in (a), isentropes are labelled and contoured as in (a), and shaded solid (dashed) contours represent subsidence

(ascent) and are contoured in cm s~

every —2 (2) cm s~! beginning at —2 (2) cm s~!. (c) Isentropes (dashed) and tilting frontogenesis (shaded).

Isentropes are labelled and contoured as in (a) and tilting frontogenesis is in units of K m~! s™! and contoured every 5 (—5) x 107 K m~! s~/ starting
at 10 (—=10) x 1072 K m~! s~! with dark (light) shading indicating negative (positive) tilting frontogenesis.

into the upper troposphere (Figure 7(b)), where it was
maximized on the warm side of the upper tropospheric
front and acted frontogenetically via tilting (not shown).

By 1800 UTC 4 February, geostrophic cold air advect-
ion had intensified and characterized the majority of
the northwesterly flow, lower stratospheric frontal zone,
from Oregon to off the west coast of northern Mexico
(Figure 8(a)). The geostrophic cold air advection was gen-
erally confined to the cyclonic shear side of the geostrophic
jet entrance region, with a maximum (geostrophic tem-
perature advection of —21 x 107™* K s7!) west of the
California—Mexico border. The baroclinic zone associated
with a subtropical jet crossing southern Baja California
was also characterized by geostrophic cold air advection
(=12 x 10~*s71). Subsidence was maximized (—10cms™!)
over northern Baja California, with a finger of locally larger
values reaching upstream to the cold side of the lower strato-
spheric front. The gradient of vertical motion along the lower
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stratospheric front was associated with a linear band of neg-
ative tilting frontogenesis (~ —24 x 1078 Km~!s7!), from
the California—Oregon border south and east to the north-
ern Gulf of California (Figure 8(c)). Similar to the prior
period, geostrophic cold air advection on the cyclonic shear
side of the geostrophic jet entrance region was coincident
with subsidence on the cold side of the lower stratospheric
front. This subsidence acted frontolytically via tilting and
acted to decrease the baroclinicity within the lower strato-
spheric front during that period.

A second vertical cross-section taken along the line B-B’
in Figure 8 is shown in Figure 9. At this time, a majority
of the lower stratospheric front above the jet core was
characterized by geostrophic cold air advection in cyclonic
shear. Geostrophic cold air advection stretched vertically
from 350 hPa to 150 hPa and was maximized (geostrophic
temperature advection of ~ —18 x 107* K s7!) at
the 250 hPa level. Coincident with this forcing was a
maximum in subsidence (—8 cm s™!) at 250 hPa, within
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Figure 7. Vertical cross-section along the line A—A’ in Figure 6(a) valid at 0600 UTC 4 February 2008. (a) Potential temperature (thin solid), geostrophic
isotachs (dashed), magnitude of the horizontal potential temperature gradient (shaded) and the tropopause (thick solid). Potential temperature is
labelled in K and contoured every 4 K, isotachs are labelled in m s~! and contoured every 10 m s~! beginning at 30 m s~!, the magnitude of the
horizontal potential temperature gradient is contoured every 1 K (100 km)~! beginning at 2 K (100 km)~! and the tropopause is represented by the
1.5 PVU contour. (b) Potential temperature (thin light solid), geostrophic isotachs (thin dark solid), geostrophic temperature advection (dashed), vertical
motion (shaded), and the tropopause (thick solid). Potential temperature is labelled and contoured as in (a), isotachs are labelled as in (a), geostrophic
temperature advection contoured in units of Ks™! every —3 (3) x 107* K's™! with dark (light) contours representing cold (warm) air advection. Vertical
motions are contoured in cm s~! every —2 (2) cm s~ ! beginning at —2 (2) cm s~! with dark (light) shading representing subsidence (ascent), and the

tropopause is represented as in (a).

the local wind speed maximum and to the cold side of
the lower stratospheric front. Subsidence on the cold
side of the lower stratospheric front acted to decrease
the slope of the isentropes above the jet core and continued
to decrease the baroclinicity of the lower stratospheric
front. Though this subsidence cannot be a result of QG
processes associated with the upper tropospheric region of
geostrophic warm air advection in cyclonic shear, it was
located on the warm side of the weak upper tropospheric
front and acted frontogenetically via tilting (not shown).

Copyright (© 2012 Royal Meteorological Society

4. Southwesterly flow case

4.1.  Synoptic overview

Between 26 and 28 February 2008 a strong winter storm
moved northeastward along the east coast of the USA (not
shown). The cyclone prompted winter storm warnings from
North Carolina to Maine and left nearly 30 cm of snow
in many areas of the northeastern USA. Further south, an
intense squall line associated with an active trailing cold
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front brought severe thunderstorms and power outages to
the southeastern states. Temperatures in the wake of this
cyclone were 15-20°F colder than normal for much of
the East Coast. Using Eta-104 analyses, the deep baroclinic
structure that developed within the upper troposphere and
lower stratosphere in association with this cyclone will be
investigated for the period between 27 and 28 February 2008.

At 0000 UTC 27 February, general southwesterly flow
existed over the east coast of the USA (Figure 10). Within the
southwesterly flow at 200 hPa, an enhanced baroclinic zone
stretched from the southeast states toward maritime Canada
(Figure 10(a)). At this time, the lower stratospheric front had
an intensity of ~7 K (100 km) ! over the state of Maryland.
The warmest temperatures at this level were found within the
trough over the western Great Lakes region, while the coldest
temperatures were found ahead of the lower stratospheric
front, off the mid-Atlantic coast. At 500 hPa the thermal
structure was less coherent, with a weak upper tropospheric
front over the southeastern states and weak regions of
baroclinicity downstream (Figure 10(b)). The intensity of
the upper tropospheric front was ~5 K (100 km)~! over
the southern Appalachian Mountains. In the vicinity of
the southeastern states, the lower stratospheric and upper
tropospheric fronts were generally parallel, however, at this
particular time the lower stratospheric front was more
intense than its tropospheric counterpart.

By 1200 UTC 27 February the lower stratospheric front
stretched from the Georgia—Florida border to maritime
Canada (Figure 10(c)). The maximum intensity of the lower
stratospheric front remained constant (~7 K (100 km)™!),
however, the area characterized by such magnitude had
grown substantially in the intervening 12 h. A cold trough
became more apparent immediately to the east of the
lower stratospheric front, the upper troposphere—lower
stratosphere equivalent of the thermal ridge ahead of a
surface cold front. At 500 hPa the most intense portion
of the upper tropospheric front was found downstream
of the confluence in the flow, over the southeastern USA
(Figure 10(d)). The intensity of the potential temperature
gradient associated with the upper tropospheric front had
not changed since the previous time (~5 K (100 km)™!).
The upper tropospheric and lower stratospheric fronts were
both fairly linear features, over the east coast of the USA,
with the lower stratospheric front being the more intense of
the two fronts.

At 0000 UTC 28 February the southwesterly flow over
the east coast of North America was characterized by
an intensifying lower stratospheric front (Figure 10(e))
with a maximum intensity of ~8 K (100 km)~! over
maritime Canada. Immediately downstream of the 200 hPa
trough axis, from the eastern Great Lakes northward into
central Quebec, were the warmest potential temperatures
at this level. Ahead of the lower stratospheric front
the thermal trough remained a robust feature, with the
coldest temperatures just east of the most intense portion
of the front. At 500 hPa, the upper tropospheric front
weakened, with only two small regions in which |VO|
was ~5 K (100 km)~!, over New Jersey and the South
Carolina—Georgia border (Figure 10(f)). Over Maritime
Canada, where the lower stratospheric front was at its
most intense, the upper tropospheric front was nearly non-
existent with a |V6| of ~3 K (100 km)~".

By 1200 UTC 28 February the lower stratospheric front
stretched along the east coast of North America from the
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Bahamas to the region south of Greenland (Figure 10(g)). At
200 hPa the region of intense baroclinicity (|V0| > ~6 K
(100 km)~!) characterized a larger area at this time and was
flanked by the warmest potential temperatures (~369 K),
over Newfoundland, and the coldest potential temperatures
(~330 K), over the northwestern Atlantic. In the upper
troposphere the southwesterly flow was characterized by a
lengthy baroclinic zone with |V&| ~5 K (100 km)~! off the
east coast of Maine (Figure 10(h)). The upper tropospheric
front stretched from the Carolinas to south of Greenland,
however, the lower stratospheric front remained the more
intense of the two frontal features.

4.2.  Analysis

The interaction of the constituent frontal zones of the ULJF
on 28 February is examined next. This period represents the
time when the lower stratospheric front was at its maximum
intensity and covered the largest geographic area.

At 0000 UTC 28 February, southwesterly geostrophic
flow was present along the east coast of North America, with
a geostrophic jet maximum >70 m s~! off the southeast
coast of the USA (Figure 11(a)). A majority of the cyclonic
shear side of the southwesterly flow was characterized by
geostrophic warm air advection, with a maximum in the
jet exit region of ~5x 107™* K s™! east of New Jersey.
Coincident with this geostrophic forcing was a linear band
of ascent on the cold side of the lower stratospheric front,
over Florida and from east of the Carolinas to east of
Newfoundland (Figure 11(b)). Ascent was greatest to the east
and to the cold side of the maximum in geostrophic warm air
advection. With ascent adiabatically cooling the cold side of
the 200 hPa front, a nearly continuous band of positive tilting
frontogenesis characterized the southwesterly flow, lower
stratospheric frontal zone from Florida to Newfoundland
(Figure 11(c)). Several regions, including Florida, east of
Maryland and east of Newfoundland, had values of tilting
frontogenesis greater than 20 x 1078 Km™! s71.

A cross-section taken at 0000 UTC 28 February, per-
pendicular to the lower stratospheric front, along the line
C-C' in Figure 11 is shown in Figure 12. Below the level of
maximum winds, the tropospheric front was characterized
by weak geostrophic cold air advection (—6 x 107* Ks™1).
A plume of upward vertical motion was located immediately
east of the surface cold front, was maximized at 500 hPa,
and was associated with positive frontogenesis in the
lower troposphere (not shown). However, within the lower
stratospheric front, a maximum (15 x 107% K s7!) in
geostrophic warm air advection was present in the cyclonic
shear centred at roughly 200 hPa. Immediately to the cold
side of the lower stratospheric front and to the west of the
lower tropospheric plume, was a second plume of ascent,
with a maximum greater than 12 cm s~!. Ascent in this
location acted to increase the slope of the isentropes above
the jet core (positive tilting frontogenesis) and acted to
increase the slope of the tropopause above the jet core.
The two plumes of vertical motion within this cross-section
were associated with two separate frontal circulations. One
plume responded to frontogenetic forcing associated with
the surface front in the lower troposphere, while the other
was coincident with QG forcing associated with the lower
stratospheric front. Together these two plumes created a
nearly vertically stacked column of ascent that reached from
the surface to above the 150 hPa level and served to weaken

Q. J. R. Meteorol. Soc. 138: 1350—1365 (2012)



1360

(a)

A. A.Lang and J. E. Martin

200 hPa

o

500 hPa

U

Figure 10. (a) and (b) As for Figure 5(a) and (b), but from the Eta-104 model analysis valid at 0000 UTC 27 February 2008. (c) and (d) As for Figure 5(a)
and (b), but from the Eta-104 model analysis valid at 1200 UTC 27 February 2008. (e) and (f) as for Figure 5(a) and (b) but from the Eta-104 model
analysis valid at 0000 UTC 28 February 2008. (g) and (h) as for Figure 5(a) and (b) but from the Eta-104 model analysis valid at 1200 UTC 28 February

2008.

the baroclinicity in the troposphere while strengthening it
in the lower stratosphere.

By 1200 UTC 28 February, the 200 hPa geostrophic jet
had intensified to 80 m s ! off the southeast coast of the USA
(Figure 13(a)). Primarily downstream of the jet maximum,
geostrophic warm air advection in cyclonic shear persisted

Copyright (© 2012 Royal Meteorological Society

through the majority of the southwesterly flow baroclinic
zone. There were several maxima off the east coast of
North America with values of geostrophic warm advection
greater than 12 x 107* K s™L. In the vicinity of this QG
forcing, a nearly continuous band of ascent characterized a
large portion of the southwesterly flow, with the maximum
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Figure 11. (a)—(c) As for Figure 6(a)—(c) but from the Eta-104 analysis valid at 0000 UTC 28 February 2008.
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Figure 12. As for Figure 7(b) but from the Eta-104 analysis valid at 0000 UTC 28 February 2008 along the line C—C’ in Figure 11(a).
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roughly confined to the region of the jet core (Figure 13(b)).
As a result, the tilting contribution to frontogenesis was
positive and formed a roughly linear band from east of
the Mid-Atlantic States to the region south of Greenland
(Figure 13(c)).

A cross-section was taken at 1200 UTC 28 February,
along the line D-D’ in Figure 13, through the straight
southwesterly flow off the coast of Nova Scotia (Figure 14).
The jet had reached 90 m s~! at roughly 250 hPa. Below
the jet core, the broad, tropospheric-deep cold front was
characterized by geostrophic cold air advection, with the
greatest intensity (—9 x 107* K s™!) located at ~450 hPa
within the upper tropospheric portion of the front. This
portion of the front was also characterized by subsidence. In
the region above the jet core, geostrophic warm air advection
characterized the cyclonic shear side of the jet and the lower
stratospheric front. A large plume of ascent (10 cm s~ 1),
in the vicinity of the QG forcing in the lower stratosphere,
was centred at roughly 225 hPa on the cold side of the
lower stratospheric front. Ascent in the region continued to
increase the slope of the isentropes above the jet core and
tilt the dynamic tropopause into a more vertical orientation.
By this time, the dynamic tropopause above the jet core had
risen to ~150 hPa and the overall tropopause structure in
the vicinity of the ULJF had become more steeply sloped.

5. Summary and Discussion

Upper level jet-front (ULJF) systems are ubiquitous features
of the midlatitude atmosphere consisting of an upper
tropospheric frontal zone beneath the jet core, the jet core
itself, and a lower stratospheric frontal zone above the
jet core. Given their relevance to the extratropical cyclone
life cycle, stratosphere—troposphere exchange, and clear air
turbulence, the upper tropospheric portion of these ULJFs
has been afforded considerable research attention in the past
60 years. Surprisingly little consideration has been given
to the structure, evolution and dynamics associated with
their lower stratospheric counterparts or the interaction
between these separate frontal zones in the context of the
ULJF life cycle. The present paper provides fresh insights
into these issues by emphasizing the lower stratospheric
front as a distinct entity within the ULJF and highlighting
its structure, evolution and dynamical interaction with its
upper tropospheric counterpart.

Consideration of the lower stratospheric portion of an
ULJF as a distinct front encourages the extension of many
of the concepts of upper tropospheric frontal dynamics to
regions above the level of maximum wind. Analogous to
Reed’s (1955) description of an upper tropospheric front,
the lower stratospheric baroclinic zone is best considered a
frontal structure, with its own distinct frontal circulation,
that separates stratospheric air from tropospheric air. Above
the level of maximum winds, where the Pole to Equator
temperature gradient reverses, the lower stratospheric
front represents a boundary separating cold midlatitude
upper tropospheric air from warmer midlatitude lower
stratospheric air. Frontogenetic tilting across a lower
stratospheric frontal zone will result from a combination
of subsidence maximized in the warm lower stratosphere
or ascent maximized in the cold upper troposphere, a
thermally indirect circulation. Analogous to the situation
in the upper troposphere, these differential vertical motions
will result in the deformation of the tropopause above the
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level of maximum wind, where positive tilting frontogenesis
is associated with a more steeply sloped tropopause. Based
upon the examination of two cases, both observed in
February 2008, the analysis presented here suggests that,
though the governing dynamics for their developments
(tilting frontogenesis) are the same, the upper tropospheric
and lower stratospheric fronts can develop asynchronously
within the evolution of an ULJF through the northwesterly
and southwesterly flow portions of a baroclinic wave.

In the northwesterly flow case, the ULJF was originally
characterized by a vigorous lower stratospheric frontal zone
and a weak upper-tropospheric frontal zone — as measured
by the magnitude of the potential temperature gradients
at 200 and 500 hPa, respectively. The lower stratospheric
front was characterized by geostrophic cold air advection
in cyclonic shear (particularly in the jet entrance region)
throughout the evolution. This circumstance was associated
with subsidence on the cold side of the lower stratospheric
frontal zone, which in turn led to a decrease in its intensity.
This subsidence, presumably forced by lower stratospheric
frontal processes, protruded downward to sufficient depth
to reach the warm side of the weak upper tropospheric
front, gradually intensifying that feature. Thus, forcing for
subsidence within the decaying lower stratospheric frontal
environment is hypothesized to have been a contributing
factor in an already favourable environment for the initial
development of the upper tropospheric frontal portion
of the ULJF. Furthermore, as the lower stratospheric
front continued to weaken, the upper tropospheric front
intensified, demonstrating a clearly asynchronous, yet
dynamically interactive developmental relationship between
the two component frontal zones of the ULJF.

In the southwesterly flow case, the lower stratospheric
front experienced a period of intensification coincident with
the weakening of its upper tropospheric counterpart. In that
case, the lower stratospheric front was characterized by a
nearly continuous band of geostrophic warm air advection
on the cyclonic shear side of the jet. Such a circumstance
promotes QG forcing for ascent through the jet core, on the
cold side of the lower stratospheric front. Such ascent was
frontogenetic above the jet core, increasing both the slope
of the isentropes and the slope of the tropopause above the
jet core. The ascent coincident with the lower stratospheric
forcing was discernibly separate from the ascent associated
with lower tropospheric frontal forcing. Their nearly vertical
superposition, however, created a tropospheric deep column
of ascent that acted frontolytically in the middle and upper
troposphere but frontogenetically in the lower stratosphere.

The results presented here appear to be characteristic
of a number of other ULJF evolutions examined in the
course of this research. A conceptual model highlighting
some common characteristics of northwesterly flow cases
is presented in Figure 15(a). In northwesterly flow
characterized by geostrophic cold air advection in cyclonic
shear, the lower stratospheric frontal zone experiences
frontolysis while its upper tropospheric counterpart
experiences frontogenesis. Attendant with the upper
tropospheric frontogenesis is an extrusion of stratospheric
potential vorticity (PV) and O3 into the upper troposphere.
The extruded stratospheric PV is manifest as an upper
tropospheric absolute vorticity maxima that can serve as a
precursor to surface cyclogenesis.

In southwesterly flow characterized by geostrophic warm
air advection in cyclonic shear, the upper tropospheric
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Figure 14. As for Figure 7(b) but from the Eta-104 analysis valid at 1200 UTC 28 February 2008 along the line D—D’ in Figure 13(a).
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Figure 15. Schematic illustrating the asynchronous evolution of the lower stratospheric (LSF) and upper tropospheric frontal (UTF) portions of an
ULJF within the (a) northwesterly and (b) southwesterly flow portions of a baroclinic wave. The dashed shaded oval in (a) represents the region of
geostrophic cold air advection in cyclonic shear. In such a location within an ULJF, the lower stratospheric front experiences frontolysis via vertical tilting
and the upper tropospheric front experiences frontogenesis via tilting. The frontogenesis is associated with extrusion of stratospheric potential vorticity
B(PV) into the troposphere and subsequent downstream surface cyclogenesis. The solid shaded oval in (b) represents the region of geostrophic warm
air advection in cyclonic shear. In such a location within an ULJF, the lower stratospheric front experiences frontogenesis and the upper tropospheric
front experiences frontolysis via tilting. Darker shaded areas represent the jet stream isotachs. Lower stratospheric frontogenesis intensifies the jet and

promotes ridge building downstream. See text for additional explanation.

frontal zone weakens while its lower stratospheric coun-
terpart intensifies via forced ascent through the jet core
(Figure 15(b)). As a result, tropospheric water vapour is
exported into the lower stratosphere and low values of
PV, from the lower troposphere, flood the upper tropo-
sphere—lower stratosphere on the anticyclonic shear side of
a strengthening southwesterly jet. In this case, this process
led to the amplification of the ridge at upper tropospheric
levels and to anticyclogenesis in the lower troposphere
downstream of the intensified jet. The analysis of several
southwesterly flow cases documented during the 2008—2009
North American winter will be highlighted in Part II of this
study.

This study strongly suggests that consideration of the
separate evolution of the lower stratospheric and upper
tropospheric frontal zones associated with an ULJF system
can lead to a better understanding of the comprehensive
life cycle of an ULJF through a baroclinic wave. It is left
to future research to investigate how lower stratospheric
frontal processes are explicitly connected to upstream
or downstream sensible weather. For example, is lower
stratospheric geostrophic warm air advection in cyclonic
shear consistently tied to ridge building and blocking in the
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way that geostrophic cold air advection in the cyclonic shear
within an upper tropospheric front is tied to upper level
trough and cyclone development? Similarly, to the extent
that lower stratospheric and lower tropospheric frontal
circulations are vertically aligned, the kinetic energy released
in any convective ascent along the tropospheric front can
enhance the effect of the frontogenetic tilting already present
in the lower stratospheric frontal circulation and thus further
increase the slope of the dynamic tropopause associated
with an intensifying lower stratospheric front. The role that
tropospheric convection plays in the intensification of the
lower stratospheric thermal gradient in southwesterly flow
cases remains an outstanding question.

The changes to the thermal field at and above the
tropopause associated with lower stratospheric frontoge-
nesis are also associated with variation in the structure of
the vertical shear within the lower stratosphere. Thus, fully
understanding lower stratospheric frontogenesis has further
implications for the coupling between the stratosphere and
troposphere by potentially explaining some of the variation
in the environment governing the vertical propagation of
atmospheric waves as the Sawyer—Eliassen forcing is the
synoptic-scale version of the larger-scale Eliassen—Palm flux
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convergence. Perhaps consideration of lower stratospheric
frontal processes will provide further insight into the not-
yet-completely-understood role of synoptic-scale baroclinic
waves in transmitting the downward propagating anoma-
lies, associated with the northern annular mode (NAM),
from the stratosphere to the troposphere (e.g. Baldwin and
Dunkerton, 1999, 2001; Haynes, 2005; Breiteig, 2008).
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