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ABSTRACT

This article presents a review of upper-level fronts with the intent of synthesizing observational and modeling
studies into a conceptual and dynamical description of these fronts and their evolution relative to the life cycle
of midlatitude baroclinic waves. The discussion begins by tracing present-day concepts concerning the structure
of upper-level frontal systems, which are based on composite analyses of radiosonde and aircraft data, from
their origins in the pioneering analyses of upper-air data in the 1930s. Perspectives from scales both smaller
and larger than upper-level frontal systems are provided respectively by considering the effects of turbulent
processes on frontal structure and dynamics and by relating variations in frontal structure to the evolution of
the baroclinic waves that provide the dynamical environment for upper-leve! frontogenesis.

The dynamics of upper-level fronts are shown to comprise the interactions between the primary (geostrophic)
and secondary (ageostrophic) circulations. To elucidate the mechanisms and feedbacks contributing to the
evolution of upper-level fronts in relation to their setting within baroclinic waves, the two-dimensional theory
of forced secondary circulations in the cross-front plane developed by Sawyer and Eliassen is presented and
interpreted, and theoretical and numerical examples of the formation of upper-level fronts in idealized two-
dimensional flows are reviewed. In the three-dimensional case, the presence of along-front ageostrophic circulations
superimposed upon the cross-front ageostrophic circulations treated by the two-dimensional theory is discussed
in terms of the gradient wind. The relative contribution of the along-front ageostrophic circulation to upper-
level frontogenesis is considered in the context of the results from three-dimensional g-plane channel models
of baroclinic wave growth. .

Directions for future observational, diagnostic and theoretical investigation are identified, including the scale
interactions between upper-level fronts, their environmental baroclinic waves and related low-levet cyclones,
and between upper-level fronts and mesoscale convective systems. The review concludes with a discussion of
the potential role of recent innovations in remote-sensing technology and trends in numerical weather prediction
using mesoscale models in motivating continuing interest and future advances in frontal research.
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of magnitude larger than the cross-front scale (1000~
2000 km compared with 100-200 km). Because of this
geometrical configuration, horizontal variations in the
thermal and wind fields tend to be much greater in the
cross-front than in the along-front direction. When de-
picted in vertical cross section, fronts appear as sloping
zones with a vertical thickness typically on the order
of 1 to 2 km. Although fronts have been identified at
all levels in the troposphere and lower stratosphere,
their formation is favored by the presence of the nat-
urally imposed quasi-horizontal boundaries consisting
of the Earth’s surface and the tropopause. Since fronts
generated by processes based at the surface and at the
tropopause exhibit differences in structure, are gener-
ated by distinct dynamical processes, and may occur
independently of each other, the respective designations
of “surface” or “low-level” and “upper-tropospheric”
or “upper-level” serve as a convenient classification
for frontal phenomena and processes.

Fronts owe their existence in a kinematic sense (Pet-
terssen, 1936, 1956; Miller, 1948) to spatially differ-
ential advection of the thermal and wind patterns re-
sulting from sheared horizontal and vertical velocity
fields associated with baroclinic waves. For example,
in the absence of diabatic processes, horizontal poten-
tial temperature gradients are modified following parcel
trajectories by horizontal confluence and convergence
along with tilting of vertical gradients of potential tem-
perature (static stability) into the horizontal plane ac-
cording to

Q@) _dmd_wn
on

dt ondon onédp’

In this equation, @ is potential temperature, 7 is a hor-
izontal coordinate oriented normal to the isentropes
depicted on a constant pressure surface (positive toward
colder air), v, is the component of velocity in the n
direction, and w is the vertical velocity in the pressure
(p) coordinate system (symbols and acronyms appear-
ing in this paper are listed in the Appendix). In the
absence of frictional processes, absolute vorticity mea-
sured on pressure surfaces is generated along parcel
trajectories by horizontal convergence and the tilting
of vertical wind shears into the horizontal plane ac-
cording to
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In (1.2), {is the relative vorticity evaluated on surfaces
of constant pressure and f'is the Coriolis parameter.
The horizontal wind velocity is denoted by V, and the
horizontal gradient operator for surfaces of constant
pressure by V.

Spatially differential advection is responsible not
only for generating frontal properties consisting of
horizontal and vertical gradients of the thermal and
wind fields, but also for the long, narrow geometrical
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configuration of frontal zones, Shears in the three-di-
mensional velocity field are associated with deforma-
tion in horizontal and vertical planes, which has the
property of stretching and constricting broad regions
of a fluid into narrow zones. A classic demonstration
of this “scale-contraction process” is given by Welander
(1955) in numerical simulations with a barotropic
model of the evolution of a passive tracer in a flow
field typical of those observed in the midtroposphere
within midlatitudes. Further evidence for the fronto-
genetical role of deformation is found in the appearance
of impressively realistic front-like features in the lab-
oratory experiments of Fultz (1952) and Faller (1956),
in which baroclinic eddies resembling midlatitude cy-
clones develop in a differentially heated, rotating fluid.
The dynamics of frontogenesis, which account for the
mutual interactions among the thermal and wind fields,
are strongly influenced by the Earth’s rotation through
the Coriolis force. The significant role of rotation in
fronts distinguishes them from a number of related
phenomena in which divergence is dominant, such as
internal gravity waves, gravity or density currents and
squall lines. Furthermore, lineal phenomena generated
primarily through localized surface-based differential
heating rather than synoptic-scale deformation (e.g.,
sea-breeze fronts) usually are excluded from dynamical
considerations of fronts. The time scale in which fronts
form from ““smooth” synoptic-scale variations in the
thermal and wind fields is on the order of several days,
although rapid intensification may be focused into
shorter, mesoscale periods of 6 to 12 h.

The meteorological significance of both surface and
upper-level fronts stems from their relationship to the
structure and evolution of midlatitude baroclinic waves
and cyclones. Although fronts occupy only a relatively
small fraction of the atmospheric volume affected by
baroclinic waves, they contribute a substantial fraction
of the dynamical forcing for the irrotational part of the
ageostrophic circulation, which contains the divergence
and vertical motion fields. The divergence patterns as-
sociated with upper-level frontal systems and their ac-
companying jet streaks' play an active part in midiat-
itude cyclogenesis by contributing to low-level geo-
potential height (mass) changes. The vertical cir-
culations associated with upper-level and surface fron-
tal zones also are a component in the development and
organization of midlatitude cloud and precipitation
systems, which assume a diversity of forms ranging
from areas of widespread slant convection, organized
systems of upright convection, and individual convec-
tive storms. Upper-level fronts are of further interest
because they are preferred regions of small-scale mixing
by a variety of phenomena including gravity waves,

! Palmén and Newton (1969, p. 199, pp. 206-212) use the term
“jet streak” to describe a wind speed maximum situated along the
axis of a jet stream at the level of maximum wind.
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Kelvin-Helmholtz billows and patchy turbulent eddy
motions, all of which are labeled generically as clear-
air turbulence (CAT). The location and intensity of
upper-level fronts and jets are of considerable relevance
to aircraft operations not only for avoiding regions of
CAT and its potential safety hazards, but also for eco-
nomical flight routing in terms of fuel consumption.
Finally, upper-level fronts are regions of significant
mass exchange between the stratosphere and tropo-
sphere, including radioactive debris and chemical trace
constituents.

_ This review is intended to document the present level
of knowledge and understanding of upper-level fronts,
with an emphasis on their relationship to the structure
and life cycle of midlatitude baroclinic waves.? An ex-
amination of low-level fronts is considered beyond the
scope of this review, as this topic is of sufficient extent
and depth to be treated separately.> The motivation
for a review of upper-level fronts derives from the con-
tention that observational research, which in the past
has been based substantially on operationally available
radiosonde data and in recent times supplemented by
research aircraft measurements, has matured to a point
of diminishing returns. Nevertheless, emerging remote-
sensing technologies such as ground-based wind pro-
filing systems and satellite-derived soundings of tem-
perature, moisture and ozone offer the possibility of
filling some of the gaps in spatial coverage, temporal
resolution and data uncertainty characteristic of radio-
sonde instrumentation. Parallel advances in computing
technology are leading to limited-area mesoscale mod-
els with sufficiently fine horizontal and vertical reso-
lution to resolve upper-level frontal systems explicitly
for the first time. By providing temporally continuous,
high-resolution, dynamically consistent datasets, nu-
merical models offer the potential of conducting real-
istic diagnostic investigations and of testing hypotheses
through systematic, controlled experimentation. It is
tempting to speculate that research on upper-level
fronts is on the threshold of major advances compa-
rable with those realized in the past from radiosonde
and aircraft observations. Consequently, an objective
of this review not only is to place current knowledge
and thinking into perspective by tracing its evolution
from previous concepts, but also to identify unresolved
problems and controversies in order to establish con-
texts and directions for future research.

-Section 2 documents the evolution of structural

2 This review is restricted to upper-level frontal systems found
within midlatitude baroclinic waves. The structure of upper-level
frontal systems associated with the subtropical jet stream is reviewed
by Palmén and Newton (1969, pp. 212-227). Recent examples of
upper-level frontal systems observed in arctic regions are provided
by Shapiro et al. (1984b) and Shapiro (1985).

3 Readers interested in recent reviews of surface fronts from an
observational perspective may consult Palmén and Newton (1969,
pp. 259-263), Shapiro (1983) and Keyser (1986); theoretical aspects
are covered by Hoskins (1982) and Bluestein (1986).
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models of upper-level frontal systems, beginning with
early applications of upper-air data in the 1930s and
concluding with present concepts based on analyses
combining radiosonde and aircraft observations. Per-
spectives from scales smaller and larger than fronts
themselves are provided respectively by considering the
effects of turbulent processes on frontal structure and
dynamics and by relating variations in frontal structure
to the stages of development of the baroclinic waves
that provide the frontogenetical environment during
their life cycle. Section 3 presents the two-dimensional
theory for determining the ageostrophic, vertical cir-
culations associated with frontal zones that was intro-
duced by Sawyer (1956) and extended by Eliassen
(1962). In Section 4, theoretical and numerical evi-
dence is presented for dynamical processes involved in
the formation of upper-level fronts in idealized two-
dimensional flows and in three-dimensional baroclinic
waves. Unresolved issues and problems awaiting future
research are identified and discussed in Section 5, and
the review is concluded in Section 6.

2. Observations of upper-level frontal structure

The first descriptions of the three-dimensional ther-
mal structure associated with midlatitude baroclinic
waves and cyclones resulted from analyses of obser-
vations taken over northern Europe with lightwzight,
retrievable, balloon-borne meteorographs that recorded
temperature and pressure. These instruments were
constructed during the late 1920s by Jaumotte in Uccle,
Belgium (Bjerknes and Palmén, 1937), and set the stage
for the introduction of the radiosonde and systematic
upper-air observations in the 1930s. The early inves-
tigations revealed narrow zones of concentrated ther-
mal contrast extending through the middle and upper
troposphere, resulting in the generalization of previous
frontal concepts based on surface observations alone.
The modification and evolution of structural models
and interpretations pertaining to upper-level fronts and
the tropopause are discussed in this section. The dis-
cussion begins with the schematic in Fig. 1 from Reed
and Danielsen (1959) illustrating several models for
analyzing upper-level fronts and tropopauses.

a. Historical overview

A representative example of the investigations of the
structure of upper-level fronts and the tropopause based
on meteorograph ascents is that of Bjerknes and Pal-
mén (1937).% Figure 2 consists of vertical cross sections
of temperature and petential temperature extending
northeastward across Europe from Spain to Sweden.
Prominent features include the familiar vertical lapse
of temperature in the troposphere and the overlying

“ Additional references are cited and summarized by Palrén and
Newton (1969, pp. 131-133).
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FIG. 1. Schematic diagrams of models used in the past for analyzing upper-
level fronts and tropopauses: (a) Bjerknes and Palmén (1937); (b) Palmén and
Nagler (1949); (c) Berggren (1952); (d) Reed and Danielsen (1959). See section
2a for detailed discussion. From Reed and Danielsen (1959).
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FIG. 2. Cross sections from Spain to Sweden of temperature (°C, top) and potential temperature (K, bottom) for the evening of 15 February 1935,
depicting the structure of the tropopause and an upper-level frontal zone analyzed to extend to near the Earth’s surface. Thin solid lines denote
isotherms or isentropes, thick solid lines depict frontal and tropopause boundaries, and thick dashed lines represent bases of temperature inversions.
From Bjerknes and Palmén (1937).
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nearly isothermal stratosphere, which slopes downward
toward the north. A deep frontal layer, characterized
by enhanced static stability and horizontal gradients
of temperature, extends from the surface to the upper
troposphere. This type of frontal zone was envisioned
to separate polar from tropical air at all altitudes, and
can be considered a vertical extension of the polar front
identified by the Bergen School in Norway in their
classic conceptual model of the structure and evolution
of midlatitude cyclones (Bjerknes, 1919; Bjerknes and
Solberg, 1921, 1922).

At the upper extent of the frontal zone in Fig. 2,
where the horizontal temperature gradient becomes
diffuse, the tropopause is folded into a characteristic
“S” shape (Fig. 1a). The analysis of the fold is derived
from soundings in the vicinity of upper fronts that
contain an upper-tropospheric layer of pronounced
static stability with potential temperatures at its base
similar to those along the adjoining northern tropo-
pause surface. The separation between the upper ex-
tension of the front and the folded tropopause inhibits
the exchange of mass between the stratosphere and
troposphere in the region of the fold. Nevertheless,
quasi-horizontal transport between the stratosphere
and troposphere is permitted in regions such as that
south of the frontal zone where the tropopause rises
discontinuously in a series of steps consisting of over-
lapping leaves. The analysis of the tropopause in Figs.
la and 2 is compatible with the then-current thinking
concerning stratospheric-tropospheric exchange, which
held that the tropopause insulates the troposphere from
the stratosphere except for slow leakage through the
breaks in the tropopause and diffusion across the tro-
popause itself.

According to Palmén and Newton (1969, pp. 181-
182), the structural model in Fig. la eventually fell
into disuse because of limited observational evidence,
and was replaced by that illustrated schematically in
Fig. 1b and applied in a cross-section analysis based
on radiosonde data in Fig. 3 (Palmén and Nagler,
1949). In this model, the folded tropopause is replaced
by a “‘break region” separating the tropospheric frontal
layer and the tropopauses overlying the polar and trop-
ical air masses. As in the analysis of Bjerknes and Pal-
mén, the tropospheric frontal zone is considered to
separate polar from tropical air and is discontinued in
the upper troposphere where the horizontal tempera-
ture gradient diminishes. The tropospheric frontal layer
is also a zone of concentrated cyclonic and vertical
shear of the component of the geostrophic wind normal
to the cross section, which is computed from thermal
wind considerations. Although the front is not analyzed
above the tropopause break, the cyclonic shear is ex-
tended into the lower stratosphere within a broader
zone than in the troposphere. Finally, the geostrophic
wind analysis contains a jet core at the level of the
tropical tropopause situated above the position of the
frontal layer in the midtroposphere. The extremely
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FIG. 3. North-south cross section from Buffalo, New York, to
Havana, Cuba, oriented normal to an upper-level frontal zone
embedded within a deep upper trough for 1500 GMT 5 February
1947. Thin solid lines are the component of the geostrophic wind
normal to the cross section (m s'), dashed lines are isotherms (°C)
and the thick solid lines are tropopauses or frontal boundaries (drawn
dashed when relatively indistinct). From Palmén and Nagler (1949).

large geostrophic wind speeds in the jet core reflect the
orientation of the cross section through a well-devel-
oped trough characterized by cyclonic curvature.

Berggren (1952) proposed an alternative structural
model of upper-level fronts and the tropopause, which
is shown in Figs. 1c and 4. This model differs from
that used by Palmén and Nagler in that the tropospheric
frontal layer is continued upward through the region
of the tropopause break into the stratosphere. Within
the tropopause break in the vicinity of the level of
maximum wind (LMW) and in the lower stratosphere,
where the horizontal temperature gradient becomes
negligible and reverses in sign from that in the tropo-
sphere, the frontal zone is defined by strong cyclonic
wind shear. The extension of the frontal zone high into
the stratosphere could not be confirmed observationally
and was discontinued in a later application of this
model by Palmén (1958). As noted by Shapiro (1976),
direct evidence for the narrow (~ 100 km) cross-front
scale in the vicinity of the LMW was provided by the
European sounding network, characterized by 100 km
station spacing and a 6 h sampling frequency.

The greater spatial and temporal resolution afforded
by the European radiosonde network in comparison
with that of North America (400 km station spacing,
12 h sampling interval) probably contributed to the
differences between the analyses of the cyclonic shear
zone in the vicinity of the LMW and in the lower
stratosphere by Berggren and by Palmén and Nagler,
the latter of which is broader and more diffuse (compare
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FI1G. 4. Cross section oriented east-west across northern Europe
from Hannover, West Germany, to Valentia, Ireland, of potential
temperature (K, thin dashed lines) and observed wind speed (m s™!,
thin solid lines) for 0300 GMT 9 November 1949. Thick solid lines
denote frontal boundaries, tropopauses and inversions; thin vertical
lines give location and vertical extent of wind soundings. From Berg-
gren (1952).

Figs. 3 and 4). The spatial resolution of the radiosonde
network is less of an issue for the tropospheric part of
the frontal zone than for the region of the tropopause
break and lower stratosphere. The tropospheric por-
tions of upper-level frontal zones contain significant
vertical wind shear and static stability by virtue of their
slope. Consequently, the cross-front horizontal scale
can be determined from the detailed vertical resolution
inherent within sounding data and knowledge of the
frontal slope from adjacent soundings passing through
the frontal layer. Spatial resolution becomes a signifi-
cant factor where the frontal zone assumes a nearly
vertical orientation, which occurs in the region of the
LMW and lower stratosphere.

Contemporary with Berggren’s approach for ana-
lyzing upper-level fronts was that introduced by a
number of investigators including Newton (1954) and
Reed (1955) and advocated by Reed and Danielsen
(1959). In this approach (Figs. 1d and 5), the polar and
tropical tropopauses are respectively joined with the
lower (cold) and upper (warm) boundaries of the tro-
pospheric frontal layer. In contrast to Berggren’s model,
the cyclonic shear zone in the stratosphere occupies a
scale of hundreds of kilometers (Fig. 5a), a likely con-
sequence of the limitations in North American radio-
sonde data referred to before. The Reed-Danielsen
model explicitly accounts for stratospheric-tropo-
spheric exchange through the hypothesis that upper-
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level frontal systems result from a process known as
tropopause folding (Reed and Sanders, 1953; Reed,
1955), in which upper- and midtropospheric subsidence
transports lower stratospheric air downward into the
troposphere, occasionally reaching 700 to 800 mb in
particularly intense cases. This hypothesis was based
on the use of potential vorticity,

a0
P=‘(fa+f)3!;, 2.1

where {; + f'is the absolute vorticity measured on is-
entropic surfaces, as a dynamical tracer for distin-
guishing between stratospheric and tropospheric air,
which is valid to the extent that adiabatic, inviscid con-
ditions prevail along parcel trajectories. The composite
cross section in Fig. Sb shows the frontal boundaries
separating potential vorticity values in the stratosphere
of at least an order of magnitude greater than those in
the troposphere, which is evidence of air of recent
stratospheric origin within the tropospheric part of the
frontal zone. The decrease of potential vorticity with
decreasing altitude within the frontal layer is suggestive
of turbulent-scale mixing of tropospheric and strato-
spheric air across the frontal boundaries.

The Reed-Danielsen frontal model represented a
break from previous thinking in several respects. Based
on earlier work by Reed and Sanders (1953) and Reed
(1955), this model no longer required upper-level fronts
to separate polar from tropical air. Rather than forming
as a result of confluence between polar and tropical air
currents through a deep tropospheric layer, upper-level
fronts were hypothesized to develop primarily through
the effects of tilting [in the prognostic equations for
the horizontal potential temperature gradient (1.1) and
vorticity (1.2)] due to differential subsidence associated
with tropopause folding. According to this view, upper-
level fronts were considered to separate stratospheric
from tropospheric air rather than polar from tropical
air. Furthermore, upper-level fronts were not required
to extend to the surface, but could arise independently
of low-level fronts and frontogenetical processes, a
point emphasized by Sanders (1955) in connection with
surface fronts. As referred to earlier, the tropopause
folding process provided for the transport of strato-
spheric air toward the middle and lower troposphere,
where it could mix with tropospheric air and eventually
reach the Earth’s surface. Interest in this particular ex-
change process in the 1950s and 1960s stemmed from
the concern that stratospheric radioactivity generated
by the atmospheric testing of nuclear weapons could
reach the surface, exposing the biological risks of such
a practice.

5 An extensive review of meteorological applications of potential
vorticity from observational and theoretical perspectives, including
historical developments, is presented by Hoskins et al. (1985).
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F1G. 5. Composite cross sections of upper-level frontal and tropopause structure. Frontal boundaries and the tropopause are indicated by
heavy solid lines; axis of warm air in lower stratosphere is denoted by a heavy dashed line: (a) isotachs of the component of geostrophic
wind normal to cross section (m s, light solid lines) and isotherms (°C, light dashed lines); (b) isopleths of potential vorticity (1076 K. mb™!
57!, light solid and dash—dot lines) and isentropes (°C, light dashed lines). From Reed and Danielsen (1959).

Perhaps as a result of their novelty, coupled with
the limitations of radiosonde data, the interpretations
concerning upper-level frontogenesis derived from the
Reed-Danielsen model remained controversial until
additional independent observational evidence could
be produced. Aircraft measurements of tracers such as
water vapor, ozone and radioactivity (e.g., Briggs and
Roach, 1963; Danielsen, 1964, 1968) confirmed the
presence of stratospheric air within tropopause folds.
Extensive diagnostic studies based on radiosonde data
such as those of Staley (1960), Bosart (1970) and Shap-
iro (1970) demonstrated the importance of tilting effects
due to differential subsidence in generating cyclonic
vorticity and horizontal potential temperature contrasts
characterizing upper-tropospheric fronts. The use of
meteorologically instrumented aircraft to observe up-
per-level frontal systems directly in conjunction with
conventional radiosonde data was to result in obser-
vational and conceptual advances culminating in the
present-day structural model of upper-level fronts,
which forms the subject of the following subsection.

b. The contemporary structural model of upper-level
JSrontal systems

The direct probing of upper-level fronts with instru-
mented aircraft has resulted in refinements and exten-
sions of concepts based on radiosonde data. In the first
of a series of studies of upper-level frontal structure
using aircraft measurements to supplement conven-
tional radiosonde observations, Shapiro (1974) pointed
out that earlier aircraft studies in the 1960s were limited
by uncertainties in extracting horizontal winds using
Doppler navigation techniques. The introduction of
inertial navigation systems provided a degree of pre-
cision in the winds sufficient for sensing horizontal and
vertical air motions within frontal zones down to the
spatial and temporal scales of turbulent motions. Major
results from the application of aircraft measurements
to frontal research include the direct documentation
of the ~100 km cross-front scale at the LMW as pro-
posed by Berggren (1952), and a clearer appreciation
of the nature and effects of CAT on the structure of
upper-level fronts.
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In reexamining upper-level fronts with mesoscale
data from the European upper-air network, Shapiro
(1976) reproduced Berggren’s finding that the cyclonic
shear in the lower stratosphere is confined to a scale
on the order of 100 km rather than spread across a
larger distance on the order of 500 km characterizing
the Reed-Danielsen model (Fig. 5a). Direct wind mea-
surements taken during horizontal traverses across the
cyclonic shear zone in the vicinity of the LMW pro-
vided further confirmation of the mesoscale structure
of upper-level fronts at the LMW and in the lower
stratosphere. Figure 6 is a schematic illustration of the
structural model derived from the results of aircraft
flights combined with conventional radiosonde data,
an example of which is shown in Fig. 7a. The schematic
contains elements from both the Berggren and Reed-
Danielsen models. As in the Berggren model (Fig. 1¢),
the frontal zone extends into the lower stratosphere
where it slopes in the opposite sense as it does in the
troposphere. Unlike the Berggren model, the tropo-
pauses overlying the cold and warm tropospheric air
masses do not break at the front, but are connected
respectively with the lower and upper boundaries of
the upper-tropospheric portion of the frontal zone, as
in the Reed-Danielsen model (Fig. 1d).

The dynamical quantity absolute momentum,

5,

introduced by Eliassen (1962), can be used to define
upper-level frontal zones. In (2.2), u, is the along-front
{(x) component of the geostrophic wind,

=y, — 2.2)

FIG. 6. Schematic diagram of the present-day model for analyzing
upper-level fronts and tropopauses. Solid lines denote frontal and
tropopause boundaries; dashed line depicts the boundary of cyclonic
shear zone in the lower stratosphere.
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1 19¢ 18¢
Vot v (-1 (22 e
fis the Coriolis parameter, which is taken to be con-
stant, and y is the cross-front coordinate, positive to-
ward colder air. In (2.3), ¢ is the geopotential of a pres-
sure surface. The quantity m is termed absolute mo-
mentum since it is the Cartesian (tangent-plane)
analogy to absolute angular momentum for the rotating
Earth. A property of m is that it describes the absolute
geostrophic vector vorticity in the cross-front plane ac-
cording to the relationship
om om
$p=-1 X Vzm—--(g]— 3y
where V, = 9/dy j — 3/dp k is the two-dimensional
gradient operator in the cross-front (, p) plane.® The
validity of (2.4) requires the frontal zone to be suffi-
ciently straight and along-front variations to be suffi-
ciently small to be considered two-dimensional (|dvg/
x| < |0uy/dy). According to (2.4), the absolute geo-
strophic vector vorticity lies along lines of constant m.
Application of the thermal wind relationship
a? P (2 e
8p ay ox
allows the vertical gradient of m to be expressed in

terms of the cross-front gradient of potential temper-
ature; i.e.,

kK  (24)

—'kaV0—(

(2.6)

Equations (2.5) and (2.6) are based on (2.3) and the
hydrostatic equation in the form

d¢ _
o 9, 2.7
where p
R po)Cn <p
=== 2.8
oo (P 28

is a function of pressure alone (for the assumption of
constant f), pg is a reference pressure (1000 mb), R is
the ideal gas constant for dry air, and ¢, and ¢, are the
specific heats for dry air at constant volume and pres-
sure, respectively. Inspection of (2.2) and (2.6) shows
that the vertical component of absolute vorticity and
the degree of baroclinicity characterizing a frontal zone
are described respectively by the cross-front and vertical
gradients of m. The vertical cross section in Fig. 8a
displays the m field for the frontal zone in Fig. 7a. It

$ Defining the gradient operator in terms of —3/dp allows the use
of pressure as the vertical coordinate while preserving the familiar
properties of a righthanded Cartesian coordinate system. Consistent
with this definition of the gradient operator, the three-dimensional
vector velocity is defined as ui + vj — wk. This approach is equivalent
to utilizing —p as the vertical coordinate, as in Bluestein (1986).
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FIG. 7. Cross sections for 0000 GMT 17 April 1976 based on radiosonde observations at Winslow, Arizona (INW), Tucson, Arizona.
(TUS), and Fraccionamiento, Mexico (FRC), supplemented with NCAR Sabreliner aircraft data in the layer between 250 and 300 mb: (a)
Potential temperature (K, solid lines) and wind speed (m s™', dashed lines). Winds are plotted with respect to north at the top of the figure;
flags, full barbs and half barbs respectively indicate speeds of 25, 5 and 2.5 m s~ (b) Potential vorticity (10~7 K mb~! s7*, solid lines) and
array of dots formed by the intersection of (m, ) coordinates displayed in Fig. 8b. From Shapiro (1981).
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FIG. 8. Cross sections as in Fig. 7, except for (a) absolute momentum, m = y, — fy, (m s™', solid l?nes) with y = 0 at left side of figure,
decreasing toward the right; (b) (m, 6) coordinate grid from patterns in Figs. 7a and 8a, with contour intervals of 10 m s™ and 4 K. Heavy
dashed lines in (a) and (b) indicate first-order discontinuities in 7. From Shapiro (1981).
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is readily apparent that (i) the entire frontal zone is
described by the region of large gradients of m in the
(y, p) plane, (ii) the frontal zone is characterized by
large magnitudes of the absolute geostrophic vector
vorticity (2.4), and (iii) the frontal boundaries can be
represented as discontinuities in the gradient of m.
Thus, absolute momentum is a single parameter ca-
pable of describing two-dimensional frontal zones pro-
vided that the along-front component of the wind is
approximately geostrophic.

For those situations where frontal zones satisfy the
conditions for two-dimensionality alluded to following
(2.4) and the along-front component of the wind is
approximately geostrophic, the potential vorticity (2.1)
can be expressed entirely in terms of the variation of
quantities in the cross-front plane (denoted by subscript
2). Replacing {; + f with —dm/dy, and transforming
to pressure coordinates yields the expression

P2 = Jyp(m’ 0)’ (2.9)
where
omal OJm 96
J| ,0) =—i-(V X V)= —— — —— .
vo(m, 0) i-(Vom 20) ay,3p  op 9,
(2.10)

The Jacobian form of P, dictates that its magnitude is
directly proportional to the areal density of intersec-
tions between contours of m and 8, or inversely pro-
portional to the size of the solenoids formed by the
intersections of adjacent pairs of m and 8 contours.
These interpretations are illustrated respectively in Figs.
7b and 8b. [In these figures the areal proportionality
does not hold exactly because the vertical axes of the
cross sections are drawn with respect to In(p)]. Potential
vorticity is largest in the zone of stratospheric cyclonic
shear, where the m lines and isentropes are concen-
trated and oriented nearly perpendicular to each other.
This configuration may be contrasted to the tropo-
spheric portion of the frontal layer where m lines and
isentropes are closely spaced but nearly parallel to each
other.

The structure of the cyclonic shear zone in the
lower stratosphere turned out to have a significant
implication concerning the effect of turbulent mixing
on upper-level frontal structure. As cited earlier, the
Reed-Danielsen model assumed more-or-less uniform
distributions of stratospheric and tropospheric potential
vorticity, which are discontinuous at the tropopause-
frontal boundaries. The ~500 km horizontal scale of
the cyclonic shear zone is consistent with the assump-
tion of nearly uniform potential vorticity within the
stratosphere and the upper-tropospheric portion of the
frontal layer. In particular, reference to (2.1) and Fig.
5 reveals that large values of potential vorticity in the,
tropospheric part of the frontal zone are associated pri-
marily with large static stability. Absolute vorticities
are relatively moderate because isotachs coincide ap-
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FIG. 9. Analyses of wind speed at 287 mb (m s, solid) and ozone
concentration (pphm vol™', heavy dashed lines) derived from Sabre-
liner data taken between 0615 and 0700 GMT 16 April 1976. Flight
tracks are indicated by light dashed and dot-dashed lines. Line AA’
is the projection for the cross section in Fig, 10. From Shapiro (1978).

proximately with sloping isentropic surfaces. In the re-
gion of the LMW and lower stratosphere, the static
stability is similar to that in the tropospheric part of
the front, but the isentropes have a much smaller slope.
Consequently, the isotachs must spread apart and oc-
cupy a larger cross-front scale to maintain values of
potential vorticity comparable with those in the tro-
pospheric part of the frontal zone.

In the case of the Berggren model, the ~100 km
scale of the stratospheric cyclonic shear in the vicinity
of the LMW implies much greater values of absolute
vorticity on isentropic surfaces compared with the up-
per-tropospheric portion of the frontal layer and the
stratospheric portion sloping over the jet core (Fig. 8b).
Therefore, the potential vorticity at the LMW must be
anomalously large relative to background stratospheric
values rather than slowly varying, as evident from
comparing Figs. 5b and 7b. The question that imme-
diately arises concerns the source of the anomalous
potential vorticity maximum in the LMW. If potential
vorticity were conserved, this maximum would not be
anticipated. Consideration of the hypothesis that po-
tential vorticity is generated locally at the LMW led
Shapiro (1976, 1978) to examine the roles of diabatic
and frictional processes associated with turbulent mix-
ing in upper-level frontal zones.”

¢. The effects of turbulent processes on upper-level
Srontal systems

Figures 9 and 10 respectively display horizontal and
cross-sectional subjective analyses of an upper-level jet

7 A comprehensive summary of the results of earlier investigations
of turbulent processes in upper-level frontal zones is given by Reiter
(1969, pp. 191-220).
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Fi1G. 10. Composite cross-section analysis based on aircraft and radiosonde data for 0000 GMT 16 April
1976 along line AA’ in Fig. 9. Heavy dashed lines indicate wind speed (m s™'); solid lines are potential
temperature (K). Flight path is denoted by light dashed lines; solid circles are times (GMT). Horizontal
distance between OAK and MFR is about 500 km. From Shapiro (1978). ’

streak and its associated frontal zone, based on radio-
sonde data and supplemented by aircraft data. The air-
craft traverses confirm the upward extension of the
~100 km scale cyclonic shear zone into the lower
stratosphere. The cross-sectional distributions of po-
tential vorticity and ozone (Figs. 11a and 11b), the
latter of which can be considered a conservative quan-
tity over the time scale of the generation of an upper-
level front, suggest that potential vorticity is produced
locally. If potential vorticity were conservative, its dis-
tribution would be expected to match that of the ozone
much more closely. The lack of potential vorticity
conservation, proposed previously by Eliassen and
Kleinschmidt (1957) and Staley (1960), should not be
taken as contradictory of earlier inferences on tropo-
pause folding and upper-level frontogenesis by Reed

(1955) and Reed and Danielsen (1959), which are con-
firmed by the downward-directed tongue in the ozone
pattern.

The development of the potential vorticity maxi-
mum in the vicinity of the LMW evident in Figs. 7b
and 11a can be discussed quantitatively in terms of the
prognostic equation for the potential vorticity [as de-

w))

—Qq[k-(v, X F). (2.11)
dp

“fined in (2.1)], which is

dpP a0 o0 ,
7 —(§o+f)iv+5;|:k'(voﬂ X

In the above expression, V, is the horizontal gradient
operator for isentropic surfaces, and F and 0 are the
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