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SUMMARY

The conceptual model proposed by Shapiro as it is applied to the evelution of an upper-level frontal zone
within a baroclinic wave is reviewed and its limitations are investigated through previous literature and two case-
studies presented in this paper. The early stages in the evolutions of these two cases are used to examine specific
limitations of this conceptual model: (1) upper-level frontogenesis in south-westerly flow that evolves from a state
of equivalent barotropy to a state of cold advection along the front, and (2) upper-level frontogenesis in north-
westetly flow with along-front variation in the sign of the thermal advection, such that warm advection occurs
upstream of cold advection in the thermal trough.

Vector-fromtogenesis diagnostics for the Lagrangian rate of change of the magnitude and direction of the
horizontal potential-temperature gradient, including tilting due to vertical motion, are derived. These diagnostics
are applied to the two cases to examine the maintenance of the potential-temperature gradient and the development
of cold advection along each upper-level front. The upper-level front in south-westerly (north-westerly) flow was
maintained primarily by deformation (tilting) frontogenesis, in agreement with previous research. The increasing
cold advection along the upper-level front in both cases was related to an upstream vorticity maximum. For the
case in south-westerly flow, the pre-existing vorticity maximum approached a downstream equivalent-barotropic
upper-level front in a manner similar to an instant occlusion, resulting in cold advection along the leagth of the
upper-level front. For the case in north-westerly flow, an intensifying vorticity maximum concentrated the cold
advection in the base of the thermal trough, as warm advection developed upstream.

These two cases are compared to upper-level fronts in previous literature and a climatology of upper-level
fronts associated with landfalling cyclones over the eastern North Pacific Ocean, The results indicate that these
two cases are typical of early evolutions of upper-level fronts that can occur in south-westerly and north-westerly
flow. Therefore, a revised version of the Shapiro conceptual model is presented that represents more accurately
the early evolutions exhibited in the present and previous studies,
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1. INTRODUCTION

As noted in the review by Keyser and Shapiro (1986), baroclinic zones in the upper
troposphere and lower stratosphere associated with the polar-front jet stream (known
as upper-level fronts) apparently were observed first by Bjerknes and Palmén (1937).
More studies followed that examined the structure and dynamics of upper-level fronts
in more detail (e.g. Palmén and Nagler 1949; Berggren 1952; Newton and Carson
1953: Reed and Sanders 1953; Newton 1954; Reed 1955; Reed and Danieisen 195G,
Staley 1960; Newton and Persson 1962; Danielsen 1964; Newton 1965; Bosart 1970;
Shapiro 1970). The results from this early research can be summarized as follows.
(1) Upper-level fronts are typically narrow (~100 km) in the cross-front direction
and extend downward from the tropopause, often associated with stratospheric air, as
indicated by high values of potential vorticity and ozone mixing ratio. (2) These upper-
level fronts are typically related to regions of localized maxima of wind speed (i.e. jet
streaks, as first defined by Newton and Carson (19353, p. 325); hence these systems
are sometimes also referred to as upper-level jet-front systems). (3) In most cases,
the intensification of the horizontal potential-temperature gradient within these upper-
level fronts (i.e. frontogenesis) and the vertical extent of the baroclimicity are attributed
primarily to isentropic tilting by horizontal gradients of vertical motion (i.e. subsidence,
maximized on the warm side of the upper-level front, leads to frontogenesis). In other
cases, upper-level frontogenesis can occur due to horizontal confluent deformation,
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with tilting being frontolytic. (4) Although examples of strong frontogenesis in south-
westerly flow are known to occur (e.g. Reed 1955; Bosart 1970}, the most intense upper-
level frontogenesis tends to occur with systems forming in north-westerly flow, where
the differential subsidence across the upper-level front is greatest. This last point was
later demonstrated by modelling studies based on real and idealized upper-level fronts
(e.g. Shapiro 1981; Keyser and Pecnick 1985; Keyser et al. 1986; Reeder and Keyser
1988): synoptic-scale confluence at a jet-entrance region and cold advection along the
length of the front yield a gradient in vertical motion across the upper-level front of
sufficient magnitude to produce frontogenesis. (The effect of both confluence and cold

advection during upper-level frontogenesis has been referred to as the Shapiro effect
(Rotunno ef al. 1994).)

(&) The Shapiro conceptual model

As noted by Keyser and Shapiro (1986, p. 466), data limitations of these early ob-
servational studies were primarily responsible for previous ambiguities and inconsis-
tencies in understanding the dynamical interactions between the primary and secondary
circutations in upper-level frontal systems. In an effort to link secondary circulations
calculated from the Sawyer-Eliassen equation in two-dimensional models with three-
dmmensional circulations calculated from observational data, Shapiro (1982, Fig. 7) cre-
ated a schematic of the movement ‘of an upper-tropospheric jet—front system through a
midlatitade baroclinic wave’ (Shapiro and Keyser 1990, Fig. 10.8 caption), emphasiz-
ing the typical thermal-advection pattern for one such life cycle associated with these
systems. Although this schematic (Fig. 1; hereafter, the Shapiro conceptual model) was
not meant to address the issue of upper-level frontogenesis directly, Lagrangian fronto-
genesis 1s imphed at different stages in the progression of the jet—front system through
the baroclinic wave.

Despite the Shapiro conceptual model not having been designed to illustrate fronto-
genesis directly, the schematic has become firmly entrenched in later scientific literature,
attesting to its success in describing many of the general features of the migration of an
upper-level jet—{ront system through a larger-scale baroclinic wave. The schematic has
been reproduced in review articles on upper-level fronts (e.g. Keyser and Shapiro 1986,
Fig. 19; Shapiro and Keyser 1990, Fig. 10.8) and emulated in textbooks (e.g. Carlson
1991, Fig. 15.6; Bluestein 1993, Fig. 2.82). Despite the successes of the Shapiro con-
ceptual model in interpretation of the secondary circulations at different stages in the
life cycle of a baroclinic wave, applications of the Shapiro schematic to frontogenesis,
however, appear to be an oversimplification of the structural and kinematic complexities
inherent in nature (as discussed later). The present study endeavours to consider some
of these complexities.

The Shapiro conceptual model begins with an upper-level front situated within
confluent north-westerly flow (e.g. Namias and Clapp 1949), and isentropes are nearly
parallel to isohypses (Fig. 1(a)). This phase of the evolution will be referred to hereafter
as the equivalent-barotropic stage. Approximately 24 h later, the front evolves to a state
where the trough in the isentropes lags the trough in the isohypses, implying geostrophic
cold advection along the length of the front (the cold-advection stage; Fig. 1(b)). Later,
the trough in the geopotential-height ficld closes off and becomes more symmetrical (the
closed-low stage; Fig. 1(c)), as discussed by Bell and Keyser (1993) and Bell and Bosart
(1994), with leading warm advection and trailing cold advection. Finally, the closed low
opens up mn confluent south-westerly flow and geostrophic warm advection along the
length of the front is implied {the warm-advection stage; Fig. 1(d)).
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Figure I. Idealized schematic depiction, on an upper-tropospheric isobaric surface, of the evolution of an upper-
level jet-front system through a mid-latitude baroclinic wave over a 72-h period: (a) formation of the jet—front
system in the confluence between the mid- and high-latitude currents; (b) jet-front system situated in the north-
westerly flow inflection of amplifying wave; (c) jet—front system at the base of the trough of fully developed wave;
(d) jet—front system situated in the south-westerly flow inflection of damping wave. Geopotential height contours,
thick solid lines; isotachs, thick dashed lines; isentropes or isotherms, thin dashed lines. From Shapiro {1982,

Fig. 7},
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TABLE 1. CASES OF UPPER-LEVEL ERONTS
THAT DEVIATE FROM THE SHAPIRO CONCEPTUAL
MODEL (SEE TEXT) WITH STRONG COLD AD-
VECTION IN THE BASE OF THE TROUGH AND/OR
WARM ADVECTION IN THE TRAILING RIDGE

Palmén and Nagler (1949) Figs. I and 2
Reed and Sanders (1953) Figs. 1 and 2

Newton {1954) Figs. 3 and 4
Reed (1953) Figs. Sand 6
Newton (1958) Pigs. 2and 4
Staley (1960) Figs. 2 and 3
Newton and Palmén (1963) Fig. 3

Shapire (1976} Figs. 15 and 16
Sanders (1988) Figs. 9 and 10
Neiman and Shapiro (1989)  Figs. 4,9, and 12
Sanders et al. {1991) pp. 13641363
Diuri€ (1994) Fig. 8-18
Lackmann erf al. (1997 Figs. 12(a).(c)
Pyle (1997) p. 64, Fig. 23(d)

Although 1t appears as if the intent of the Shapiro conceptual model was to illustrate
the evolution of a jet—front system (e.g. ‘'t =1#y’, ‘t =1y -+ 24 it’, etc. in Fig, 1), observa-
tional evidence suggests that this schematic evolution typically does not occur exactly
in the manner illustrated by Shapiro (1982), particularly over North America. First,
cold advection is depicted as maximum at the inflection point in the height field in the
cold-advection stage of the Shapiro conceptual model with negligible thermal advection
outside of the frontal zone. Nearly all observed upper-level fronts in north-westerly flow
in the literature, however, exhibit the strongest cold advection in the base of the thermal
trough (Table 1). Weak cold advection, or more typically warm advection, is present
along the north-westerly extensions of the fronts (Table 1). Second, as noted by Newton
and Carson(1933, p. 325), Newton and Palmén (1963), Cammas and Ramond {1989,
p. 2460), Orlanski and Sheldon (1995, Fig. 3, p. 614) and Pyle (1997, pp. 97 and 133),
the progression of a jet-front structure from north-westerly flow to the base of the trough
to south-westerly flow (Figs. 1(b)~(d)) rarely exists. Since the wind speed within a jet
streak 15 usually much faster than the speed of movement of the jet streak (e.g. Newton
and Carson 1953, p. 331; Palmén and Newton 1969, pp. 206 and 207; Cunningham and
Keyser 1996, section 3), the jet—front system cannot be tracked as an advective feature
of the flow. Often, as a new jet—front system is developing in the downstream south-
westerly flow, the upstream jet-front system in north-westerly flow remains. A further
point is that the reorganization from large-scale diffluence during the cold-advection
stage to large-scale confluence during the warm-advection stage (cf. Figs. 1(b) and (d))
scems unlikely to occur within the relatively short time period depicted by the Shapiro
conceptual model. Finally, the Shapiro conceptual model illustrates the evolution of an
upper-level front in north-westerly flow, although as will be shown later in this paper,
upper-level fronts in south-westerly flow also may display some similarities (e.g. evo-
lution from equivalent-barotropic to cold-advection stages) to the Shapiro conceptual
model at times.

(by Purpose
The purpose of this paper, therefore, is to compare and contrast the early evolution
of south-westerly and north-westerly flow upper-level frontogenesis, using two cases

as illustrative examples. Specifically, we intend to demonstrate the following points.
First, the kinematics and dynamics differ for upper-level fronts in south-westerly and
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north-westerly flow and have not been elucidated previously for pure south-westerly
flow upper-level frontogenesis. Second, the mechanism that leads to the initiation and
configuration of strong cold advection along observed upper-level fronts has not been
determined. Understanding this mechanism is of importance because cold advection
along upper-level fronts is concomitant with stronger tilting and upper-level frontoge-
nesis (the Shapiro effect), processes that can be associated with surface cyclogenesis
(e.g. Uccellini ef al. 1985, pp. 980 and 981). Finally, south-westerly flow upper-level
frontogenesis appears to be common over the eastern North Pacific Ocean, in contrast to
north-westerly flow frontogenesis, which appears to be common over North America.

Section 2 is a derivation of vector frontogenesis, including the vertical-velocity
(tilting) terms. Section 3 introduces the two cases of upper-level frontogenesis in south-
westerly and north-westerly flow, respectively. Then, the changes in the magnitude
and direction of the horizontal potential-temperature gradient along the two upper-level
fronts are diagnosed using vector frontogenesis. Section 4 is a climatology of upper-level
fronts associated with landfalling cyclones on the west coast of North America, showing
that evolutions similar to that occurring in south-westerly flow are not an uncommon
occurrence. Finally, section 5 presents a concluding discussion and a revised conceptual
model for the early evolution of south-westerly and north-westerly flow upper-level
frontogenesis.

2. DERIVATION OF THE TWO-DIMENSIONAL VECTOR FRONTOGENESIS, INCLUDING
VERTICAL-VELOGCITY TERMS

As originally defined by Petterssen (1936) for surface fronts, frontogenesis is the
Lagrangian rate of change of the magnitude of the horizontal potential-temperature (8)
gradient due to the horizontal wind (Vy = ui 4 vj). Miller (1948) extended Petterssen’s
definition to fronts in the free atmosphere by defining frontogenesis as the Lagrangian
rate of change of the magnitude of the three-dimensional gradient of the potential tem-
perature due to the three-dimensional wind (V = Vy + wk = ui + vj + wk), written
here in (x, y, p) coordinates. In this paper, we wish to understand the evolution of
an upper-level front from a state of near equivalent barotropy to a state of cold ad-
vection along the front, involving the rotation of isentropes relative to isohypses. This
reconfiguration of the isentropes suggests that a useful diagnostic would be the vector-
frontogenesis formulation of Keyser et al. (1988), which considers the Lagrangian rate
of change of the magnitude and direction of the horizontal potential temperature gradi-
ent by the horizontal wind. Since contributions from vertical motion are typically small
for surface fronts, but not necessarily so for upper-level fronts, we extend Keyser ef al.’s
(1988) methodology to include the frontogenetical effects due to vertical motion. (A
similar derivation can be found in Lalaurette ef al. (1994, pp. 2005-2007).) Therefore,
for the purposes of this paper, we define vector frontogenesis, ¥, as the Lagrangian
rate of change of the magnitude and direction of the Aorizontal potential temperature
gradient due to the three-dimensional wind.

d
F = —Vyuo, 1
5 VH (1)

where

d_98 8 8 3
= — U — +w—,
dt 8 8xp, Oy,  dp

A% '-'ia +_8
H= ax, ']Byp'
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The subscript p indicates differentiation on an isobaric surface and hereafter will be
implicit in this section. Resolving F into natural coordinates (s, n) such that the s axis
1s locally tangent to an isentrope and the n axis points towards colder air on a constant
pressure surface (i.e. s points in the same direction as the thermal wind):

%VHQ N (n- ;—EVHQ) + 8 (s- %VHQ) , (2)
where
n=—|Vyo| " Vb, (3a)
s =n x k. (3b)
Equation (1) becomes
F = F,n+ Fs, | 4)

where F, is referred to as the scalar frontogenesis and F is referred to as the rotational
frontogenesis (Keyser ef al. 1988, Egs. (2.3a) and (2.3b)):

d
Fy = ——|Vuby, 5
)= —=IVu6) (59
d
Fszn-(kxa}-vﬂﬁ). (5b)

Therefore, positive F, implies frontolysis, whereas positive Fy implies cyclonic rotation
of the isentropes.

Conservation of potential temperature in three-dimensional adiabatic flow means
that

56
— +V.V8=0, 6
a:*” (6)

where

5 8 o
V=i—+j— + k—.
5 gy ¥,

Following Keyser ef al. (1988, p. 764), differentiating (6) respectively by x and y yields:

d /86 oudd dvod BwaId (72)
dt \8x/  dx8x 8xdy axap
d (88)_ﬁ_8u a6 B Jv 96 %?ﬁ (7b)
dt \dy/  dydx adydy adyadp
Equations (5a) and (5b) can be rewritten:
] a8 d a6 d 00\ ]
F, = — b, 8
" IVHGi{axdf( )+3ydf (3 ) 52
1 dgd d /o8 06 d /96|
F - — : : i F . 8b
* | Vi8] {Hydt (Bx) dx dt (By)J (80)
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Combining (7a) and (7b) with (8a) and (8b) leads to the following expressions:

P 1 o du 08  dv oé N o du 08  dv 39)
" |vgfl 1ax \ 8xdx  3x dy oy dx 9y dy

nj Ey)

)

g6 dw 36  dw db
— - ]}, (9a)
ap dx dx  dy dy
n
. 1 e, du 36 dv 08 06 du 068  dv 36)
T vgfl 18y \ 8xdx  dx dy dx \ dyodx Jyady
N TS

08 [ dewdf  dw 36

+ ( - ————) (9b)
dp \ 0y dx  dx dy

83

Terms ny, ny, 81, and s2 represent similar terms in Keyser ef al.’s (1988) derivation.
Term n3 represents tilting scalar frontogenesis due to vertical-velocity gradients acting
on the horizontal potential-temperature gradient (equivalent to the sum of terms 4 and
8 in Bluestein (1986, p. 181; 1993, p. 253)) and term s3 represents tilting rotational
frontogenesis due to vertical-velocity gradients acting on the horizontal potential-
temperature gradient.” Terms n3 and s3 can also be expressed as:

a6
ng = m—(‘i?ch - VHQ)
dp

a8 [ dw
— , 10
ap (Bn) (102)

53 == wggk (Ve X Vo)

dp

a8 { dw
— , 10b
dp ( dgs ) ( )

respectively, These expressions for n3 and s3 exhibit the behaviour that when Vo 1s
in the same direction as Vg0, the tilting scalar frontogenesis, ni, 1s maximized, but
the tilting rotational frontogenesis, s3, 1s zero (Fig. 2(a)). In contrast, when Vgw is
perpendicular to Vyé, n3 is zero, but |s3| is maximized (Fig. 2(b)).

* A similar expression for ‘tilting scalar frontogenesis’ in an x—z plane, involving v4, the ageostrophic cross-front
wind, can be found in Kevser et al. {1986, Bq. (2.12).
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Figure 2. Schematic illustrating vertical tilting terms in the expression for vector frontogenesis of the horizontal
potential-temperature gradient. Solid lines are isentropes at two times {f = 0 and ¢ = 8¢). Vectors are labelled.
Insets: Solid lines are isentropes at t == (} and dashed lines are isentropes at ¢ = 8¢. Open arrows represent vertical
motions. (a) Tilting scalar frontogenesis: Vyw and Vo in the same direction such that n3 is maximized and
Vo x V8 =0. F is therefore in the direction of V8. (b) Tilting rotational frontogenesis: Vyw and Vyb
perpendicular such that {s3] is maximized and Viyw - Vf = 0. F 1s therefore perpendicular to Vyé.

Following Keyser et al. (1988, pp. 764 and 765), expressions similar to their
eqs. (2.10a) and (2.10b) result;

i a6
F, = EIVH9§(VH Vg — Ecos2B) — -é;('i?ﬁw - Vub), (11a)

1 a6
Fy = 2|Vub|(k - Vi x Vi + E sin 26) — ==k (Vo x V), (11b)
p

where E is the resultant deformation and 8 is the local angle between an isentrope and
the axis of dilatation. Equation (11a) is comparable to similar expressions in Saucier
(1955, pp. 363--365). This expression for F,, comprises three terms related to divergence,
deformation, and tilting, whereas (11b) for Fy comprises three terms related to relative
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vorticity, deformation, and tilting. These partitions will be useful for examining the
evolution of the fronts in the two observed cases.*

3. CASE STUDIES

In this section, we present two case studies of the carly stages in the evolution of
upper-level fronts, in south-westerly and north-westerly upper-level flow, respectively.
section 3(a) describes the mesoscale-model simulation used fo exarmne these two cases,
which are introduced in section 3(b). The cases are further analyzed in section 3(c) using
the vector-frontogenesis diagnostics developed in section 2.

(@) Mesoscale-model description

The Pennsylvania State University-National Center for Atmospheric Research
(PSU-NCAR) mesoscale model version 5 (MMS3), a nonhydrostatic, primitive-equation,
o-coordinate model (Dudhia 1993; Grell ez al. 1994), was employed to simulate the two
upper-level frontogenesis events. Since both the south-westerly and north-westerly flow
events occurred nearly simultaneously, one stimulation was able to accommodate analy-
sis of both. The simulation was initialized at 1200 UTC 12 December 1988, was ended
at 1200 UTC 14 December 1988, and features 23, variably spaced, half-o levels in the
vertical. A 30 km horizontal-resolution domain was nested within a 90 km horizontal-
resolution domain using a two-way interactive mesh-refinement scheme. Precipitation
processes were parametrized using an explicit moisture scheme that includes prognostic
equations for water vapour, cloud-water, rain-water, cloud-ice, and snow (Dudhia 1989;
Grell et al. 1994, section 5.3.1.1). The Kain—Fritsch cumulus parametrization (Kain
and Fritsch 1993) was used to represent subgrid-scale convective precipitation. Other
parametrizations included a multilevel planetary boundary layer (Zhang and Anthes
1982} and a radiative upper-boundary condition (Klemp and Durran 1983).

Four-dimensional data assimilation was used throughout the simulation on the
90 km domain and during the first 12 h on the 30 km domain. The assimilation
technique (Stauffer and Seaman 1990) employed Newtonian nudging to relax the model
simulation to gridded 12 h upper-level and 3 h surface analyses. To create the upper-level
analyses, National Meteorological Center (NMC, now known as the National Centers
for Environmental Prediction) analyses were interpolated to the model grid. Surface
and upper-air observations were then incorporated into the analysis using a Cressman-
type analysis scheme (Benjamin and Seaman 1985). After the removal of superadiabatic
lapse rates below 500 hPa, the analysis was interpolated to the o-coordinate system,
and the integrated mean divergence was removed to avoid the production of spurious
gravity waves. Three-hour surface analyses were generated similarly, with first-guess
analysis fields provided by linear interpolation of 12 h NMC analyses. Lateral boundary
conditions for the 90 km domain were generated by linear interpolation of the 12 h
analyses. Throughout this paper, only output from the 90 km domain is displayed.

(b) Overview

The first case 1s the upper-level front associated with the landfalling Pacific cyclone
over western North America on 12-13 December 1988. Our analyses are carried out at

* Strictly speaking, the rotational frontogenesis does not describe the time rate of change of the angle between
isohypses and isotherms, as the height field, as well as the thermal field, will be altered by the relative
vorticity, deformation, and tilting terms. Rigorous resolution of this discrepancy, however, would involve inversion
techniques, the methodology for which has not matured. Nevertheless, our results suggest that the rotation of the
isohypses by the vorticity is a secondary effect, at least in the cases presented here.
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Figure 3. 5W (see text) 500 hPa geopotential height {thin dashed lines every 6 dm), relative vorticity of total

horizontal wind {10~ s~1, shaded according to scale at bottom of figure), potential terperature (thin solid lines
every 2 K), and potential-temperature advection by the total horizontal wind (thick solid (dashed) lines every

12 x 1079 K s, from —36 t0 36 x 10> K 577, represent warm (cold) advection): (a) 1200 UTC 12 December
1988: (b} 0000 uTC 13 December 1988,

500 hPa, a common midtropospheric level analyzed by synoptic meteorologists. Whiie
our results would be quantitatively different at upper-tropospheric levels (say, 400 or
300 hPa), our results would not differ qualitatively were another level to be presented.

Unlike other cases of upper-level fronts in south-westerly flow that apparently
evolved from a north-westerly flow regime (e.g. Reed 1955; Bosart 1970; Sanders
et al. 1991; Pyle 1997, p. 133), this case occurred entirely within south-westerly flow,
and will hereafter be referred to as SW. SW was associated with a 500 hPa closed
low that moved slowly into the Gulf of Alaska on 11 December 1988 (not shown).
NMC analyses (not shown) indicate remnant baroclinicity on the south-east side of
the closed low in south-westerly flow, with the geopotential-height (hereafter, height)
and potential-temperature contours nearly parallel from 0000 UTC 11 December 1988
to 1200 UTC 12 December 1988 (hereafter 12/12) (Fig. 3(a)). Unlike the equivalent-
barotropic stage in the Shapiro conceptual model (Fig. 1{a)), however, the upper-level
front was strongest in the south-westerly, not the north-westerly, geostrophic flow.
The enhanced barochinicity in SW was also associated with a pre-existing progressive
relative-vorticity (hereafter, vorticity) maximum at the base of the short-wave trough,
coincident with the thermal trough at this level (Fig. 3(a)). Twelve hours later (13/00;
Fig. 3(b)), the orientation between the isentropes and isohypses implied geostrophic
cold advection (potential-temperature advection due to total horizontal wind contoured
in thick lines) along much of the length of the 500 hPa front. This structure represents the
cold-advection stage. Therefore, this case illustrates the same evolution from a nearly
equivalent-barotropic stage to a cold-advection stage as in the Shapirc conceptual model
(Figs. 1(a),(b)), except in south-westerly, instead of north-westerly, flow. It is curious to
note that Hines and Mechoso (1991, Figs. 3-5) simulated a similar structure in their
idealized model of primitive-equation upper-level frontogenesis: cold advection along a
baroclinic zone developing in south-westerly flow. Further investigation of this case was
abandoned because ‘This simulated frontogenesis, therefore, has substantial differences
with the observed phenomena (as characterized by the Shapiro conceptual model) and
will not be analyzed further in this paper’ (Hines and Mechoso 1991, p. 1232).

Satellite imagery for SW (Fig. 4) shows that a comma cloud is associated with the
advection of 500 hPa cyclonic vorticity and the polar-front cloud band 1s associated
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comma cloud

Figure 4. GOES (Global Operational Environmental Satellite}-6 infrared satellite images; arrows point to cloud
features described in text: (a) 0016 UTC 12 Decernber 1988, (b) 1216 UTC 12 December 1988, (¢) 2316 uTC
12 December 1988,
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with the baroclinic zone in south-westerly flow (Fig. 4(a)). As the comma cloud ap-
proaches and merges with the polar-front cloud band, the clouds deform owing to the
rotation associated with the vorticity maximum (Figs. 4(b),(c)). This evolution is re-
markably similar to the instant-occlusion concept reviewed by Schultz and Mass (1993,
section 2(d)) and described by, for example, McGinnigle er al. (1988, Fig. 7(a)), Evans
et al. (1994), and Bader et al. (1995, section 4.4, Figs. 4.4.3(c) and 4.4.5(c)). In particu-
lar, the approach of a short-wave trough (comma cloud) toward a pre-existing baroclinic
zone in south-westerly flow (polar-front cloud band) epitomizes the instant occlusion.
SW is consistent with these previous studies, in that observed instant occlusions tend to
occur in confluent large-scale flows that favour merger between the comma cloud and
the polar-front cloud band. As has been noted by the authors mentioned earlier, not all
cyclone events that occur in south-westerly flow, however, are instant occlusions,

The other case is the upper-level front associated with the Experiment on Rapidly
Intensifying Cyclones over the Atlantic (ERICA) Intensive Observing Period (I0OP) 2
cyclone on 13-14 December 1988 over central North America. Because the upper-level
front intensified in north-westerly upper-level flow, this case will hereafter be referred
to as NW. The ERICA 10P 2 cyclone and its upper-level features have been discussed
previously by Sanders (1990), Roebber (1993), Hakim (1997, section 5.1), Lackmann
et al. (1997) and Reed and Albright (1997). At 13/00 (Fig. 5(a)), as well as 12 and
24 h previously (not shown), much of the frontal zone was characterized by weak
cold advection, with the strongest cold advection on the equatorward side of the front
and near the intensifymg vorticity maximum. Lackmann ef al. (1997) determined that
the tilting of horizontal vorticity into the vertical by differential subsidence across the
upper-level front was responsible for the formation and intensification of this vorticity
maximum, which would later be associated with the ERICA TOP 2 cyclogenesis. By
13/12, however, warm advection was occurring along much of the length of the upper-
level front (Fig. 5(b)). Unlike in SW, where cold advection occurred along the length of
the front, the cold advection in NW was limited to the base of the thermal trough (cf.
Figs. 3(b) and 5(b)) associated with the ‘compacting’ vorticity maximum (Lackmann
et al. 1997). A compacting vorticity maximum is one that undergoes an increase in
isotropy during its evolution (i.e. the length of the major axas of the vorticity maximum
decreases relative to that of the minor axis) (Lackmann er al. 1997, p. 2731). Therefore,
NW, as well as other similar events from the literature discussed previously, indicates
significant along-front variability in thermal advection as the upper-level front reaches
maturation, in contrast to the depicted cold advection dominating the entire length of
the front in the Shapiro conceptual model (Fig. 1(b)).

It 1s apparent that significant differences exist between the early stages m the
evolutions of the two cases of upper-level frontogenesis being discussed, SW and NW
(Figs. 3 and 5, respectively). In particular, the evolution from the equivalent-barotropic
stage to cold-advection stage in SW occurred in south-westerly, not north-westerly
flow. Also, NW experienced significant along-front variation in the sign of the thermal
advection, with cold advection at the leading edge of the vorticity maximum and warm
advection along the north-western portion, rather than cold advection along the length of
the front as portrayed in the Shapiro conceptual model (Fig. 1). It might be argued that
cases exhibiting these same evolutions may be relatively uncommon, or alternatively, it
may be that the Shapiro conceptual model applies best to cases in a limited geographical
area (e.g. over North America). As will be shown in section 4, evolutions similar to SW
are commonly associated with North Pacific cyclones landfalling on the west coast of
North America, which, in turn, resemble cases throughout the northern hemisphere;
we have already observed that many cases of upper-level fronts in the literature are
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{988.

similar to NW. Therefore, we believe our results based on these two cases to be of some
generality.

(c) Vector-frontogenesis diagnostics

In this section, we further examine SW and NW using the vector-frontogenesis
diagnostics derived in section 2. In order to illustrate the behaviour of the vertical tilting
terms in F, we present the 500 hPa vertical velocity. At 12/12, the vertical velocity
for SW was characterized by descent on the west side of the trough and ascent on the
east side of the trough, maximized within the region of strong potential-temperature
gradient (Fig. 6(a})). This suggests, therefore, that the front was in a region of south-
westerly flow unfavourable for further intensification by tilting. Note that the ‘four-cell’
pattern of ascent and descent associated with straight jet—front systems is masked by the
vertical motions associated with the curvature of the flow (Uccellini (1990, section 6.3.1)
and references therein). By 13/00, the pattern remained much the same (Fig. 6(b)). In
contrast, descent was occurring on the warm side of the frontal zone in NW at 13/00 and
13712 (Figs. 7(a) and (b)), favouring frontogenesis by tilting.

This hypothesis 1s confirmed by examining 500 hPa —F, and its components
(divergence, deformation, and vertical-tilting) for SW and NW.* At 12/12 for SW, the
divergence term was consistently smaller than the deformation term, which was positive
along much of the front (cf. Figs. 8(a) and (b)). Figure 8(c) supports the interpretation
from Fig. 6(a) that the ascent along the front was unfavourable for frontogenesis through
tiling, as negative tilting frontogenesis occurred along the length of the front. As a
result, the total scalar frontogenesis was positive along much of the length of the front,
primarily supported by deformation (Figs. 8(b) and (d)). At 13/00, the divergence term
was once again small compared to the deformation term (cf. Figs. 9(a) and (b)). Tilting
resulted in frontolysis along the front so that the total frontogenesis was primarily a
result of the deformation term (Figs. 9(b), (¢) and (d)), a result consistent with other
cases of upper-level frontogenesis in south-westerly flow (e.g. Bosart 1970).

The situation was quite different for NW. At 13/00, the divergence term was
smaller than the deformation term, and both were negative along the equatorward
side of the front (Figs. 10(a) and (b)). Tilting, on the other hand, was positive along

* We present —F,, rather than F,, in order that regions of positive — F, represent regions of positive frontogenesis,
according fo (35a). -
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Figure 7. Asin Fig. 6 except for NW {see text): {a) 0000 uTC 13 December 1988; (b) 1200 UTC 13 December
1988,

much of the front, and dominant along the north-west extent of the front (Figs. 10(c)
and {(d)) in the region of active fronfogenesis. This confirms our hypothesis from
Fig. 7(a) and the conclusion of Lackmann et al. (1997) that descent along the front
results in frontogenesis through tilting. At 13/12, divergent and deformation frontolysis
dominated along the poleward side of the front, maximized in the base of the thermal
trough and along the north-west extent of the front (Figs. 11(a) and (b)). Even though
tilting frontogenesis was positive along the length of the front, it was not large enough
to offset the negative deformation frontogenesis, with the result that the total scalar
frontogenesis was negative, maximized at the base of the thermal trough (Figs. 11(c)
and (d)).

That the tilting frontogenesis for NW was maximum upstream of the strongest cold
advection in a region of warm advection, particularly at 13/12, was noted n an earlier
similar case study by Sanders er al. (1991, pp. 1339, 1364 and 1365). For SW, despite the
presence of cold advection and confluence, frontogenetical tilting along the upper-level
front did not occur (i.e. the Shapiro effect did not seem to be operating in SW). Uccellini
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Figure 8. SW (see text) 500 hiPa relative vorticity of total horizontal wind (1072 s~1, shaded according to scale at
bottom of figure), and potential temperature {thin solid lines every 2 K) at 1200 uTC 12 December 1988: (a) — F),

divergence term (every 1 x 10~1¢ Km™1 7!, from —6 10 6 x 10719 Km~! 571} (b) ~F, deformation term

(every 3 x 10 K m~1 s !, from —~181t0 18 x 107 K m~! s71) and axes of dilatation of total horizontal wind

(103 s71, scaled according to legend; separation between displayed axes of dilatation is 180 km (every other grid

point)); {c) — F, vertical tilting term (every 3 x 1071V K ml s from —1810 18 x 10719 K m~f s 1); {(d) total
—F, (every 3 x 100 Km s, from —1810 18 x 1071P K m~1 s~1).

et al. (1985, p. 978) and Pyle (1997, section 7.1) emphasized the importance of along-
flow contributions to the vertical circulations around upper-level jet—front systems, This
research, therefore, underscores the point made by these previous authors that two-

dimensional conceptualizations of jet—front circulations can be difficult to apply to the
real atmosphere in regions of curved flow.

We next examine 300 hPa F; and its components for SW and NW. At 12/12 for SW,
the vorticity term in F; was largest along the vorticity maximum, with the deformation
term negative along the north-castern extent of the front (Figs. 12(a) and (b)). Positive
Fs implies cyclonic rotation of the isentropes, consistent with positive vorticity in that
area. Tilting led to negative ¥, anticyclonic rotation of the isentropes, which favoured
eastward migration of the thermal trough (Fig. 12(c)). Total F; was a maximum in the
base of the thermal trough (Fig. 12(d)), due primarily to the vorticity term (Fig. 12(a)). It
was this feature that resulted in the cyclonic rotation of the isentropes relative to the flow
field, thereby initiating cold advection along the front in the base of the thermal trough
{see footnote on p. 13). At 13/00 after the onset of cold advection, patterns similar to that
at 12/12 existed along the front. The dominant term was the vorticity term, maximum
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Figure 9.  Asin Fig. 8 except for G000 uTc 13 December 1988.

along the length of the front (Figs. 13(a) and (d)). The deformation and vertical terms
were smaller and negative (Figs. 13(b) and (¢)). Total F; was thus positive along most of
the length of the front (Fig. 13(d)), consistent with the cyclonic rotation of the isentropes
leading to cold advection along the length of the front.

For NW at 13/00, the vorticity term was positive along the front (Fig. 14(a)) and
the deformation term was negative along the upstream part of the front (Fig. 14(b)),
as opposed to the downstream part of the front in SW (Fig. 12(b)). With the negative
contribution from the vertical term (Fig. 14{c)), the total F; was positive at the leading
downstream edge of the front (Fig. 14(d)), thereby implying that the rotation of isen-
tropes leading to cold advection occurred here, as opposed to the upstream edge of the
front mm SW. This pattern was repeated and intensified at 13/12 (Fig. 15). The vorticity
term dominated (Fig. 15(a)), but was offset by the deformation term along the north-
west extension of the front upstream (Fig. 15(b)). Tilting was weak or negative such
that the total F; implied cyclonic rotation of the 1sentropes occurring in the base of the
thermal trough (Figs. 15(c) and (d)), in agreement with the region of cold advection in
Fig. 5(b).

To examine these results further, we employed the methodology of Keyser et al.
(1989) and Loughe ez al. (1993) to calculate the divergent and rotational wind explicitly.
Calculations of vector frontogenesis using these wind components {(not shown) illustrate
that the 500 hPa rotational wind was primarily responsible for the 500 hPa rotational
frontogenesis, resulting in the transition to cold advection along the front, Also, the
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Figure 10. Asin Fig. 8 except for NW {see text) at 0000 UTC 13 December 1988.

contribution of the divergent wind field to frontogenesis at 500 hPa is small. This

confirms our earlier results using the vector-frontogenesis diagnostics on the total wind
field.

4. CLIMATOLOGY OF UPPER-LEVEL FRONTS OVER THE EASTERN NORTH PACIFIC OCEAN

In order to assess the frequency of occurrence of the evolution epitomized by SW,
a climatology of upper-level fronts associated with landfalling North Pacific surface
cyclones was compiled. The NMC Daily Weather Map series was examined for all cases
of North Pacific surface cyclones crossing the western coast of North America between
33°N and 60°N in December, January, and February (DJF) for the six winters 1988-89
through 1993-94. The NMC 500 hPa analyses associated with each cyclone were then
characterized according to two different subjective criteria. First, the 500 hPa flow was
identified as south-westerly, north-westerly, zonal, or other (e.g. closed low). Second,
the thermal evolution of the 500 hPa baroclinicity was then classified as equivalent-
barotropic stage to cold-advection stage (i.e. increasing cold advection), decreasing
cold advection, weak advection or equivalent-barotropic stage, warm advection, or a
combination of the above. The results from this climatology are presented in Table 2.

Of the 19-30 winter (DJF) cyclones per year that made landfall on the west coast
of North America during the six-year period of our climatology, 44% occurred in
south-westerly flow versus 14% in north-westerly flow (Table 2), consistent with the
wintertime-averaged south-westerly jet stream over the eastern North Pacific Ocean (e.g.
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TABLE 2. CLIMATOLOGY OF UPPER-LEVEL FRONTS {SEE TEXT FOR
FURTHER DETAILS)

Six-year Yearly Percent

Category total range  of total
Number of cyclones 149 19--30 100
South-westerly flow 66 616 44
North-westerly flow 21 I-6 14
Zonal flow 18 0-6 12
Other flow 4 314 30
Equivalent barotropic to cold advection 35 110 23
Decreasing cold advection 19 -6 13
Weak advection or equivalent barotropic 73 7-21 49
Warm advection 5 -2 3
Combination 17 16 Il

Percentages may not add up to 100% due to round-off of decimal values.

Sanders 1988, Fig. 7; Bluestein 1993, Fig. 1.72(a); Lackmann et al. 1996, Fig, 1). With
regard to the thermal evolution of the baroclinic zone, the largest percentage (49%) was
characterized by weak thermal advection, indicating relatively old, nearly equivalent-
barotropic systems, characteristic of cyclones at the end of their evolutions over the
eastern North Pacific Ocean. The second largest group (23%) comprised those events
that underwent the change from equivalent barotropic to cold advection.
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point)}; (¢} F vertical tilting term (every 3 x 1070 Km~! 571, from —18 to 18 x 10~10 K m~! s~1}; (d) total
Fo(every 3 x 10710 Km~1 5!, from —18to 18 x 10710 K m~! 5=,

Those 23% (35 events m total) that evolved from a state of equivalent barotropy to a
state of cold advection were then examined separately (Table 3). Of these 35 events, 63%
occurred in south-westerly flow, or 15% of the total of 149 cyclones. Of the 66 events
that occurred in south-westerly flow (Table 2), 33% (22/66) evolved from equivalent
barotropy to cold advection (not shown). This is in comparison to the 29% (6/21) of the
north-westerly flow cases and the 28% (5/18) of the zonal-flow cases that underwent this
evolution (not shown). Since the evolution from equivalent barotropic to cold advection
occurs at roughly the same rate regardless of flow type, it seems that the predominance
of south-westerly flow fronts that evolve from equivalent barotropic to cold advection
is favoured in this area owing to the climatological tendency for south-westerly flow,
rather than some inherent tendency for cold advection to develop from an initial state
of equivalent barotropy, preferentially, in south-westerly versus north-westerly or zonal
flow. Results from Tables 2 and 3 indicate, therefore, that the SW evolution displayed
in Fig. 3, although not the only upper-level frontal evolution possible in south-westerly
flow, is relatively common on the west coast of North America.
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TABLE 3. CLIMATOLOGY OF EQUIVALENT-BAROTROPIC STAGE TO
COLD-ADVECTION STAGE EVENTS FROM TABLE 2

Six-year Yearly Percent

Category total range  of total
Number of cyclones:

Equivalent barotropic to celd advection 35 1-10 106
South-westerly Hlow 22 1-8 63
North-westerly flow 6 0-3 17
Zonal flow 5 02 14
Other flow 2 01 6

It should be noted that this evolution in south-westerly flow from nearly equivalent
barotropic to cold advection is not necessarily limited to over the eastern North Pacific
Ocean. We would expect similar evolutions to SW to be common in regions where
relatively old, nearly equivalent-barotropic systems traverse regions of climatological
south-westerly flow (e.g. the eastern North Atlantic Ocean). Indeed, similar evolutions
elsewhere have been documented in the literature: Bjerknes (1951, Figs. 11, 12, and
14), McGmnigle ef al. (1988, Fig. 7), and Cammas and Ramond (1989, their case JS2,
Figs. 2(a) and 19).

Additionally, Sinclair (1998, personal communication), has performed composite
analyses of cyclogenesis in different large-scale flows over the western South Pacific
Ocean. For a composite of cyclones that develop in the equatorward entrance region
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Figure 14. Asin Fig. 12 except for NW {see text) at 0000 UTC 13 December 1988,

of an upper-level jet streak (his classification E; Sinclair and Revell (1999, personal
communication)), the 500 hPa thermal evolution resembles that of SW, whereas for a
composite of cyclones that develop in the diffluent exit region of an upstream upper-level
jet streak (his classification U; Sinclair and Revell (1999, personal communication)), the
500 hPa thermal evolution resembles that of NW. These results are consistent with those
presented n this paper.

5, CONCLUDING DISCUSSION

We have presented the structure and early evolution of two case studies of upper-
level frontogenesis. As discussed in sections 1(a) and 4, we believe these cases are
reasonably representative of many upper-level fronts. The Shapiro conceptual model
suggests that the evolution from equivalent barotropic to cold advection along the length
of the front occurs in north-westerly flow. We found that this schematic evolution more
closely resembles that which may occur in south-westerly flow instead. North-westerly
flow fronts, however, tend to concentrate the cold advection in the base of the thermal
trough, in contrast with the Shapiro conceptual model.

{a) Revised conceptual model

Therefore, the results of this research lead us to revise the Shapiro conceptual model.
Figure 16(a) presents the schematic evolution of an upper-level front in south-westerly
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Figure 15. AsinFig. 12 except for NW (see text) at 1200 UTC 13 December 1988.

flow over the eastern North Pacific Ocean. Initially, the isotherms and the isohypses
are relatively parallel. The advance of an upstream vorticity maximum towards the
baroclinic zone leads to the rotation of the isentropes relative to the height contours,
resulting in the onset of cold advection. This revised model differs from the original
Shapiro conceptual model because this evolution occurs in south-westerly, rather than
north-westerly, flow and the vorticity maximum is shown to be responsible for the onset
of the cold advection. . |

In contrast, Fig. 16(b) presents the schematic evolution of an upper-level front in
north-westerly flow over North America. Initial cold advection along the length of the
front becomes concentrated in the base of the thermal trough in conjunction with an
intensifying and compacting vorticity maximum in north-westerly flow. Upstream of
the thermal trough, warm advection is typically occurring in the north-westerly flow,
indicating substantial along-front variation in thermal advection, 1n contrast with the
Shapiro conceptual model.

(b Thermal advection along upper-level fronts

During the evolution from equivalent barotropy to cold advection in SW, the rotation
of the isentropes relative to the height field was initiated by the approach of an upstream
vorticity maximum towards the baroclinic zone. As illustrated by the F; diagnostics, the
rotation was attributed to the vorticity contribution to F, the vertical and deformation
terms being negative or small. Similar rotation of the isentropes was also observed



25357

CONCEPTUAL MODELS OF UPPER-LEVEL FRONTOGENESIS

¥

Revised conceptual model

(a) south-westerly flow case

d

perio

g~ B
12 ol

~ e
mmnm
£
.mags

R

R
209045
|le{-l
8= om B
namv
2 * g
SR
2285
HH
=
ﬁm.ld
Lo A
Weh%

Solss B

GEEX

55=
S8 o
P....l
ioiﬂ.
25 d
oDy
B w.rc
25 2 g
B 7 o
o™
m G @
£ g% =
o 8.
o rﬂ.
AR I
A o

BE 5
—t ﬁa
S.LED
=) =
=
oy
T ]
™

3

[’

o

=

L

o&h

-

~

m

m

pL—

R

i~

b

£

E

of the early evolution of an upper-level jet—front system through a

Figure 16.

fabelled ¢ 1n (a)(i).



2558 - D.MLSCHULTZ and C. A. DOSWELL HI

in NW near the base of the thermal trough. Once the rotation of the isentropes by
the approaching vorticity maximum is accomplished and thermal advection becomes
significant, the dynamical processes associated with that advection are likely to become
significant also. Therefore, it appears that vector frontogenesis is useful in a variety
of large-scale flow regimes to identify when this change in structure will occur and
provides operational forecasters with a methodology to forecast this transition.

A mechanism for the onset of cold advection along upper-level fronts was suggested
previously by Rotunno et al. (1994, pp. 3390 and 3391) and discussed further in Keyser
(1999, personal communication). Based on their analysis of normal-mode ¢cyclogenesis
in a baroclinic primitive-equation channel model, Rotunno et al. (1994) hypothesized
that the transition to along-front cold advection in the confluent jet-entrance region (the
Shapiro effect) was due to the subsidence along the upper-level front bringing down
higher potential-temperature air from aloft, thereby implying a horizontal rotation of
the isentropes. This mechanism would appear to implicate the vertical tilting term in
Fy, s3 in (11b), In contrast with our results that implicate the vorticity term in F; in
both SW and NW. In fact, the tilting term in both SW and NW acted in the opposite
direction (anticylonic rotation of the isentropes) than that which was observed to occur
(cyclonic rotation of the isentropes) (Figs. 12(c), 13(c), 14(c), and 15(¢)). It may be that
this apparent discrepancy is a result of the tilting process being important at the earliest
stages of upper-level frontogenesis, whereas the rotation becomes important later, at the
time of our analyses. The relative importance of different processes on frontogenesis
at different times during the evolution of upper-level fronts, however, is a subject of
continuing research.

We also note that the evolution shown in Rotunno ef al. (1994) more closely re-
sembles NW than SW, a point made previously by Lackmann ef al. (1997, pp. 2755
and 2756). Whereas the tilting of vorticity greatly intensified a weak vorticity maximum
in NW, SW possessed a pre-existing vorticity maximum that did not change intensity
substantially. Idealized normal-mode model experiments by their nature must generate
vorticity maxima from a basic state with very small mitial disturbances. This compari-
son has already been noted by Keyser and Shapiro (1986, p. 494), who state, ‘Although
realistic reproductions of upper-level and surface fronts are found in the context of baro-
chnic instability theory, they arise as a consequence of upper-level wave amplification
and low-level cyclogenesis, rather than appearing in advance of these processes’. As
we have shown here, the evolution of upper-level fronts is intimately related to vortic-
ity maxima pre-existing (SW) or developing concomitantly with the upper-level front

(NW). The large-scale flow, therefore, acts to position the upper-level fronts and the
vorticity maxima into an appropriate configuration.

(¢} Future research

An extension of this study would be to perform a climatology, as in section 4, except
for events occurring over north-central North America, the region characterized in the
Shapiro conceptual model and where previous studies indicate frequent north-westerly
flow frontogenesis (Sanders 1988; Lackmann ef al. 1996). Another topic of mterest 18
the later evolution of the cases presented in this paper. The later evolution of NW has
been documented by Lackmann ez al. (1997) and Hakim (1997). For 8§W, the eventual
movement of that front over the intermountain region of the western United States and
subsequent reintensification in the lee of the Rockies was complicated by the existence
of the mountains.
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