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ABSTRACT

The conceptual model of a classical cold front consists of a sharp temperature decrease
coincident with a pressure trough and a distinct wind shift at the surface. Many cold fronts,
however, do not conform to this model—time series at a single surface station may possess
a pressure trough and wind shift in the warm air preceding the cold front [herealter called
a prefrontal frough and prefronial wind shifl, respectively). Although many authors have
recognized Lhese prefrontal features previously, a review of the responsible mechanisms has
not been performed to date. This paper presents such a review. These mechanisms include
those external to the front [i.e. those not directly assocated with the cold front itsell):
synoplic-scale forcing, fronts in the mid and upper troposphere. lee troughs/drylines, and
inhomogeneities in the prefrontal air. Mechanisms internal to the front [i.e., those directly
associabed with the structure and dynamics of the front) include: along-front temperature
gradients, maist processes, prefrontal descent of air, ascent of air at the front, airmass maod-
ification, and prefrontal bores/gravity waves. (Given the gaps in our knowledge about the
structure, evalution, and dynamics of surface cold fronts, this paper closes with an admoni-
tion for improving the links between theory, observations. and modeling to advance under-
standing and develop better conceptual maodels of cald fronts, with the goal of improving

bath scientific understanding and operational forecasting.



1 Introduction

Conceptual models of cold fronts presented in textbooks [eg.. Wallace and Hobbs 1977,
sections 3.2 and 3.3; Carlson 1991, p. 343; Bluestein 1993, p. 246) generally feature a dis-
continuity (or near-discontinuity } in temperature, a simultaneons wind shift, and caincident
pressure brough with a surface cold-frontal passage. These characteristics of classical caold
fronts are predicted from zero- and first-order discontinuity theory (e.g., Petterssen 1933
(Godson 1951; Savcier 1955, p. 109; Bluestein 1993, 240-248). However. not all cold fronts
possess bhe classic cold-frontal passage featuring the simultaneity of the temperature decrease
amd wind shift.

In fact, the nonsimul taneity of these characteristics in some cold frants was noted in some
of the early Norwegian literature. For example, Bjerknes (1919) analyzed a forerunner, or
a prefrontal wind shift, in an early schematic of the Norwegian cyclone madel. although
this feature was dropped in later versions because the feature lacked generality. [See the
discussion in Friedman (1989, 128-134) for maore information on the short-lived forerunner.|

A different type of cold-frantal structure, the dowble cold fronl. was discussed by Bjerknes
(1926, 1930):

The case which was demonstrated in my lecture showed a cold front starting
as a well-defined line of discontinuity. and within the range of the map changing
inta a double cold front. The foremost af the two cold fronts showed anly a very
amall drop of temperature and veer af wind, whereas the secand, which followed
not more than 30 miles behind, was well defined both in respect to temperature
and wind. Nevertheless, the rain accompanied the first of the cold fronts, and

Lhe secand did nat give any precipitation w hatever. ]']-jt:rkru:a Elﬁ?ﬁ. p 3‘3}

Like the forerunner, support for the double cold front as part of the Norwegian cy clone model
3



quickly waned. Although the farerunner and double cold front cancepts did not find a more
permanent place in the Narwegian cyclone model, the Norwegians had observed frontal struc-
tures that did not fit their conceptual madel. Such nonclassical structures were not limited
to the Norwegians, however. As shown in this manuscript. published results ranging from
the 19205 to the present using observational analysis, theoretical approaches. and numerical
simulations reveal many fronts possessing nonsimul taneity that require explanation.

Understanding the processes that control the structure and evolution of fronts is essential
far the accuracy of weather forecasts for several reasons. First, Sanders (1967, 1933, 1999
has argued that the relationship between the wind shift and temperature gradient determines
Lhe future strength of the cold front. Cold fronts in which the wind shiflls are coincident with
L hes Lemperabure Eradit:rLL ir|:1p|J.r fr::lnLugt:eria ar i HLEEFLELI‘I.ErLirlE Lemperature Eradit:rLL oV
time. In contrast, cold fronts in which the wind shifts are not coincident with the temperature
gradient imply frontolysis or a weakening temperature gradient over time as dissipabive
processes [(e.g., mixing ) dominate. Second. in some cases, the prefrontal wind shift or trongh
may develop a temperature gradient and thus become frontogenetical, eventoally leading
to clouds and precipitation. Third, given the right environmental conditions, convective
initiation and severe weather may develop along the surface convergence associated with the
wind shift. cold front. or both [e.g.. House 1959; Sanders and Doswell 1995). For example.
Ryan and Wilson [1985) estimate that 50% of all thunderstorms in southeast Anstralia are
prefrontal. Finally, terminal area forecasts [TAFs) for aviation and wildfire forecasts are
crucially dependent on accurately forecasting the timing of the wind shift associated with
an advancing cold front. Understanding the reasons for such wind shifts in these sitoations
may improve forecast performance.

[ restrict attention in this paper to prefrontal features associated with cold fronts for five

reasons. First, the conceptual model of surface cold fronts em phasizes the simuoltaneous oc-
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currence al the temperature drop, wind shift, and pressure minimum. If structures different
from this conceptual model exist, then these should be explored in order to learn more about
the structure and evolution of cold fronts. Second, the surface signatures associated with
surface cold-frontal passages tend to be sharper and more well-defined than for obher Ly pes
of surface frants. Consequently, we expect signatures of nonsimultaneity to be more easily
identified. Third. cold fronts are more commonly discussed in the literature compared to
other types of surface fronts (e.g., warm, occluded), as noted by Keyser (1986). Thus, there
is more literature to draw upon for a review article on these nonclassical frontal structures.
Fourth, to the knowledge of this author, little, if anything, has been written about nonsi-
mul taneity in upper-level fronts. Finally, substantial evidence exists in the literature on the
occurrence of prcfrurLLaJ features associated with cold fronts, and more than one h}rpuLhmia
has been suggested for their origin. Despite such evidence, a comprehensive review of these
mechanisms, which would allow for categorization af these evenis, as well as a mare rigorous
Lesting of these proposed hypotheses, has not been compiled.

The purpose af this paper is to compile a review of these mechanisms and highlight
possible research directions to resolve many of these issues with such prefrontal features.
Section 2 of this paper presents a suite of characteristics of prefrontal features observed in
the literature. This section demonstrates the variety that these features have, and provides
some insight into the difficulty that researchers and forecasters have had in trying to under-
stand these features. Section 3 assembles various mechanisms that have been propased for
the occurrence of prefrontal troughs and wind shifts. These mechanisms are grouped into
ten categories, illustrating the diverse processes that produce these stroctures. Section 4
synthesizes the results from the various mechanisms and proposes connections between the-
ory, observations. and diagnosis that are needed to more fully understand this phenomena.

Through better understanding, improved conceptual models of cold fronts can be developed.



Section 5 summarizes the results of this paper.

2 Characteristics of prefrontal features

To illustrate some of the variety of prefrontal troughs, their characteristics are discussed

briefly below.

e Horizontal scale. Some of these proposed mechanisms for the occurrence of pre-
frontal troughs and wind shifts [discussed more fully in section 3) operate on the
synoptic scale (through quasigeostrophic principles) and some operate an the meso-
scale. Fven smaller-scale fronts not associated with extratropical cyclones are also

known to possess troughs in the warm air, such as gust fronts {e.g., Charba 1974) and

sea breezes (eg., Geisler and Bretherton 1969; Alpert and Rabinovich-Hadar 2003).

e Relative intensities. Prefrontal wind shifts can be abrupt. or they can occur aver
several hours. Prefrontal pressure Lmugfuq can be aharp or subtle. After their for-
mation, prefrontal feabures sometimes develop frontal characteristics. Sometimes they
become the dominant front, leading to frontolysis of the original front {e.g, Hanstrum
et al. 190b; Charney and Fritsch 1999; Bryan and Fritsch 2000a.b). Other times, they
maintain their intensity, yielding two cold fronts. A third possibility is that the pre-
frontal feature remains a trough or a wind shift and never develops frontal properties

(e.g.. Hutchinson and Bluestein 1998).

¢ Fronits and airstream boundaries. A front represents the boundary between twa
air masses, featuring a wind shift and a temperature gradient. Fronts are a subset of
airstream boundaries. An airstream boundary represents the boundary between two
air streams, also known as conveyor belts (e g, Carlson 1930) or coherent ensembles

of trajectories (e.g.. Wernli and Davies 1997; Wernli 1997). A prefrontal trough is one
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example of an airstream boundary, where a wind shift is present., but the temperature
gradient, if present. is not considered strong enough to qualify as frontal. Sanders
(1999a) refers to such nonfrontal wind shifts as baroclinic troughs. Whereas diagnostics
to evaluate frontogenesis are well-known and popular (eg.. Petterssen 1936 Keyser
et al. 1988), diagnostics to evaluate airstream boundaries are less widely used (e,
Petterssen 140, 252-256; Petterssen 1956, p. 38 Cohen and Kreitzberg 1997; Cohen

and Schuliz 2005 }

Relative speeds. After the formation of a prefrontal feature, sometimes the cald

{ront catches up and merges with it (e.g., Shapiro 19532; Locatelli et al. 1989; Bluestein
1993, p. 162; Keshishian et al. 1994; Colle and Mass 1995; Hutchinson and Bluestein
1998; Neiman et al. 1998; Neiman and Wakimaoto 1999; Parsans et al. 2000; Bluestein
2005). Other times. the prefrontal feature develops and travels [aster than the cald

front, thereby increasing their separation (e.g.. Sanders 1999b).

Separation between prefrontal feature and front. The time separation between
the prefrontal feature and the front can range any where from minutes to hours. Given
typical frontal speeds (order 10 m s™'), these prefrontal features could lie anywhere
from one km to hundreds of km ahead of the tem perature gradient, respectively. Some-
times multiple features of different scales appear during the same event, suggesting
that different. processes are responsible for each feature, or that the same process acted
more than once. For example, the cold front analyzed by Seitter and Muench [1985)
possessed two prefrontal features. The first prefrontal feature was associated with an
increase in wind speed and a veering of the wind direction. The second prefrontal
feature arrived 5-10 min later when the temperature fell about 4°C with the passage
of a rope cloud. Two hours later, however, what Seitter and Muoench (1985} termed the

“ariginal front” passed with a further shift in wind direction of 20" and temperature
i



EI.EEFEB?!: Ell.. acw:ra| EI.EEEEEH

Regardless of the characteristics of the prefrontal feature or its propesed mechanism for
formation, if these features are hydrostatically balanced {which we believe they likely are for
the majority of events discussed in the literature —one possible nonhydrostatic mechanism
i5 discussed in section 3g). surface pressure changes or wind shifts must be accompanied by
termperature changes within the overlying air column. For example, if a surface presure
trough is to exist, then the average temperature in the atmospheric column over the surface
trough must be warmer than surrounding locations. Thus, the proposed mechanisns in this
paper must include supporting evidence that a warmer column of air overlies the surface

pressure trough.

3 Mechanisms for prefrontal troughs and wind shifts

Sanders and Doswell (1995, p. 510) said, “It often appears, however, that one or maore wind
shifts precede the zone of temperature contrast in cold fronts . . . . The origing of such
lines are not typically well known and they may arise from mare than one source.™ Indeed,
numerous explanations have been proposed for such prefrontal troughs and wind shifts. as
is shown in this review.

These mechanisms can be separated inbo processes external to the front and those internal
to the front. I define ezlernal processes as those mechanisms for nonsimultaneity that are
associated with processes not directly associated with the cold front itsell, such as those with
the environment of the front. On the other hand, irlernal processes are those associatbed
with the cold front itsell. Because such processes may not be mutnally exclusive, it may be
passible that some mechanisms overlap, as discussed further in section 4a. Those mechanisms

external to the front include:

a. synoptic-scale forcing



b. fronts in the mid and upper tropasphere

c. lee troughs and drylines

d. inhomogeneities in the prefrontal air
Those internal to the front include:

e. along-front temperature gradients

[. moist processes

g. prefrontal descent af air

h. ascent of air at the front

i. airmass modification

. prefrontal bores and gravity waves

s v

The remainder of this section E:-:Plﬂ res b hese pumib|c t:xp|ana tions in bhe arder listed above.

3a Synoptic-scale forcing

One way that fronts can develop prefrantal troughs or wind shifts is throogh the influence
of a synoptic-scale system. Consider a case of a mid- to upper-level shart-wave trough in
advance af a surface front. A prefrontal surface pressure trongh may be induced by surface
pressure falls in advance of the short-wave trough aloft. Adjustment processes may result in
the winds responding to this pressure trough, producing a prefrontal wind shift coincident
(or nearly so) with the pressure trough. Thus, the synoptic-scale feature aloft can produce
a prefrontal trough and wind shift. Topography may aid in this separation and is discussed

further in section 3c. Becanse the scale of quasigeostrophic processes is quite large, the



reflection of surface pressure falls ahead of surface front is likely a broad trough, at least
initially.

(Observationally, fronts moving through the western United States may not necessarily fit
Lhe classical model of frants (e.g., Williams 1972). For example, Schultz and Daswell {2000,
p. 162} examined a case of a cyclone moving from the Pacific Northwest and redeveloping
in the lee of the Alberta Rocky Mountains. They showed that, although a surface presure
trough could be followed through the western United States, it could not be characterized
as a front. Schultz and Daswell (2000, section 2c) argued that low-level baroclinicity does
not move through the western United States as easily as upper-level features, allowing for
L he pressure LI.'CILLEI‘[ associabed with the uppcr-|t:'|.rc| wave Lo separale from any presxisking
surface cold front. Another cxa.rnph: ol such a mechanism ray be the apparent separation
between the surface trough and the baroclinicity in Sanders [1999h). where the forcing for
surface pressure falls associated with the 500-hPa trough lay ahead of the surface cold front
(cf. Figs. la.b.c and 4a.ce in Sanders 19996, respectively). although it is likely that diabatic
processes cannot be divarced from this case [(eg., Hoffman 1995).

Idealized frontal models are also capable of producing prefrontal troughs. As reviewed
by Smith and Reeder [1988) and Snyder ot al. [1993). two idealized frontogenesis models
exist: the confluence-induced and horizontal-shear-induced Fady [(1949) wave models, as
formulated by Hoskins and Bretherton (1972) and Williams [ 1967), respectively. Confluence-
induced models are discussed in this section., whereas horizontal-shear-induced models are
discussed in section Je.

At the time of frantal collapse in a confluence-induced model, the vorticity, surface con-
vergence, and temperature gradient become collocated along the dilatation axis, although
before that time these features may not necessarily be collocated (eg.. Davies and Miller

1938; Smith and Reeder 1983). Thus, except for transitory stroctures, the confluence-induced
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model as traditionally formulated does not produce prefrontal features.

In such a traditionally formulated confluence-induced model, Smith and Reeder [1933)
stated that frontal motion could only occur in response to the secondary circulation itself. In
other wards, frantal motion was not very realistic. Cunningham and Keyser [1999) demon-
strated that extending the confluence-induced maodel by adding a translating dilatation axis
could produce more realistic frontal motion. They showed that the motion of the front was
ultimately controlled by the movement of the translating dilatation axis. For a translating
dilatation axis moving from cold to warm air, the dilatation axis preceded the merged surface
baroclinicity and vorticity axes by several hundred km (Cunningham and Keyser 1999, their
Fig. 2b). The implication of the results of Cunningham and Keyser (1999} is that frantal
motion can be controlled by the large-scale flow in which the front is embedded.

It is possible that the Cunningham and Keyser (1999} mechanism of producing a pre-
frontal wind shift exists outside idealized frontal model sinmlations. Far example, when the
speed of the basicstate dilatation axis is large, the confluent ssymptote may be in the warm
air ahead of the maximum baroclinicity or varticity (see Fig. 1 for an example of what this
might look like an a horizontal map of streamlines ). This mechanism, however, has not been
previously applied to observations of cald fronts.

Observations of fronts in large-scale flow environments resembling pure deformation mones
have been documented in at least three instances: Rabin et al. (1987) examined a stationary
front over the sonthern United States, Ostdiek and Blumen [1995) studied a moving cald
front over the central Plains of the United States, and Wakimoto and Cai (2002) analyzed
a moving front over the North Atlantic Ocean. To the ability of the observations from
Lhese studies detect nonsimultaneity, these last two traveling fronts appeared Lo possess
simultaneity while moving forward into the warmer air. Thus, these studies do not provide

a rigarous test for the Cunningham and Keyser (1999} mechanism.
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Another possibility where frants resembling the confluence model occur frequently is near
Australia. The meridional front [Civilian Stall 1%5; Troup 1956; Taljaard 1972) derives its
name {rom being a north-south-oriented front, sandwiched within a hyperbalic deformation
zone creabed between bwo mobile anticyclones over the Southern Ocean. Many of these fronts
are not true cald fronts [Troup 1956) and may simply represent deformation zones, however.
(Observations of such fronts befare they arrive anshore do not exist, unfartunately. Thus, as
atbractive a mechanism as the translating axis of dilatation is, supporting observations have

not arisen and this mechanism remains untested observationally.

3b Fronts in the mid and upper troposphere

The interaction between a surface system and an opper-level system to produce a nonsi-
mul taneous front can manifest itsell in other ways, as well. Here, interaction could mean
Lhe merger or simply collocation of these two features. During the 12-14 March 1993 So-
perstarm, Schultz et al. (1997) observed a prefrontal trough and wind shift ahead of the
Lemnperature drop associated with the caold front in eastern Mexico. Schultz and Steenburgh
(1999) showed that these prefrontal features were a result of a midtropospheric front inter-
acting with the surface cold front to produce a forward-tilting structure with multiple cloud
bands. The cold advection aloft preceding that at the surface resulted in the warmest tropo-
spheric mean tem peratures at the leading edge of the midtropaspheric front. Thus, a surface
pressure trough preceded the surface cold front, with the surface wind shift responding to
Lhe trough.

(One place where this type of frontal interaction seems to occur frequently is the central
[Inited States. In two different cases, Neiman et al. (1998} and Neiman and Wakimoto
(1999) showed that surface pressure troughs were indicative of the location of a front aloft

(Fig. 2). Other cases by Locatelli et al. (1997} and Stoelinga et al. [2003) showed that a
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weak surface pressure trough or an inflection in the surface pressure trace occurred ahead
of the surface front owing to cold advection alalt. similar to the instability lines of Fulks
(1951) and House (1959). In Europe and the eastern United Stabes, structures such as split
fronts (e.g.. Browning 1990; Koch 2001; and references within) may show similar behavior
in surface weather patterns. although this has not been demonstrated. Thus, the interaction

between frontal zones at the surface and aloft may give the appearance of a nonsimul taneous

cold front at the surface.

dc  Lee troughs and drylines

Fronts interacting with topography may cause a classical front to develop nonclassical char-
acteristics. In idealized simulations of fronts moving over mesoscale mountains, Keuler et
al. (1992} and Dickinson and Knight (1999} found that an initially simultaneous front pro-
duced by the Fady baroclinic wave became altered by its interaction with the mountain such
that the surface temperature gradient associated with the front was up to 400 km behind
Lhe surface vorticity maximum. Hlustrated schematically, the Fady wave approached the
mountain (Fig. 3a), and the separation between the temperature gradient and the surface
varticity was due to the blocking of the original frant on the upstream side of the mountain
and the development of new vorticity in the lee of the mountain in the presence of lower-level
warm advection (Figs. 3b.c). Once the surface cold air and the upper-level portion of the
wave moved over the ridge. the vorticity maximum [Fig. 3d) and the temperature gradient
recombined and moved eastward.

In the lee of the Rocky Mountains, Hutchinson and Bluestein [1998) showed that as
many as G0% of the cold fronts in the central United States were associated with prefrantal
wind shifts (Fig. 4). For example. Sanders (1967, 1933) showed a front over Oklahoma

using high-resolution surface observations where the wind shift preceded the temperature
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drop by 1-16 min. A composite analysis of l-minute time series analyses ab stations where
frontal passage occurred showed that the maximum convergence and vorticity lay ahead
of the temperature gradient, when com posited across all the observing sites relative to the
passage of the vorticity maximum [Sanders 1967, 1933). Other examples of fronts with
prefrontal features have been presented by Colle and Mass (1995) and Schultz and Roebber
(2005). Hutchinson and Bluestein [19958) and Schultz (2004} attributed these prefrontal wind
shifts to drylines (e.g.. Schaefer 1936) ar lee troughs. Because dryline-front interactions are
discussed in more detail by Bluestein [2005). this section focuses an lee troughs acting as
prefrontal wind shifts.

As illustrated schematically in Fig. 5a, westerly flow acrass the Rocky Mountains leads
to the formation of a les LECILI.EI‘L An :quaLurward-r:mvirLE cold front and pn‘:frr.:lrLLa| WHATTI
advection causes the movement of the lee trough away from the mountains (Fig. 5b). This
warm advection ir|:1p| ie=s | hat LECILI.EI‘l dt:'n.rch:lprm:nL occurs ahead of bhe surface cold fronk. Such
low-level warm advection may be due to secondary circulations associated with a 500-hPa
short-wave trough (e g . Uccellini 1980). Eventually, the faster-moving cold front catches up
Lo the lee trough, becoming one feature ab the surface (Fig. 5¢). Schultz (2004 ) presented an
alternative explanation whereby the departure of the lee trough from the mountains was due,
not to the warm advection, but, to forcing for surface pressure falls by a mobile upper-level
short-wave trough. Thus, this conceptual model based on observational analysis mimics that
seen in the idealized model simulations of Keuler et al. (1992} and Dickinson and Knight

(1999).
3d Inhomogeneities in the prefrontal air

Several authors have proposed mechanisms invelving inhomogeneities in the prefrontal air

that lead to the formation of a prefrontal trough and wind shift. These mechanisms include
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(i} preexisting [rontal features abead of the surface frant, (i) preexisting prefrontal stable
layers that develop frontal characteristics due to tilting, and (i} inhomogeneities in the
prefrontal environment that develop frontal characteristics due to synoptic or frontal forcing,

An example of preexisting frontal features include the leader or inlereell froni in South
Africa (e.g.. Taljaard 1972), which appears to be an onshore-moving sea breeze ahead of a
cald front (Fig. ). Such a structure may be similar to that described by Charney and Fritsch
(1999}, who showed that a surface-based cold anomaly capped by an inversion could be tilted
by the advancing ascent associated with a front (Figs. Ta.b), akin to the second mechanism
listed above. They showed that frontogenesis by tilting, as well as precipitation-induced
diabatic cooling (Fig. 7c), led to the development of a prefrontal horizontal temperature
gradient. Secondary circulations associated with the frontogenesis resulted, further intensi-
[ying the prefrontal temperature gradient at the expense of the original front (Figs. Te.d).
Eventually, the prefrontal temperature gradient became the dominant feature, supplanting
Lhe ariginal front [Fig. 7d). Thus, the surface front was said to have propagated discretely
over 600 km in about 12 h.

Perhaps mast intriguing is the third mechanism by which a constant forcing applied ta
a region with horizontal variations in static stability develops multiple fronts. Hoskins et
al. (19584) showed that the addition of a surface-based warm anomaly in the warm air can
cause a second front to develop ahead of the primary front (Fig. 8). They performed ideal-
imed two-dimensional semigeostrophic simulations of growing baroclinic waves. One featured
a surface temperature profile monotonically decreasing to the north [their “smooth temper-
ature profile™); the other featured the same temperature profile, but with a warm anomaly
in the warm prefrontal air (their Case IV). In the smooth-profile simulation, a single re-
gion of strong surface temperature gradient, single surface vorticity maximum, and single

midtropaspheric vertical motion maximum form (Figs. 8a.b.c, respectively ). In contrast, in
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(Case IV, the warm anomaly results in the production of a second front, in the warm air
ahead of the original front (Figs. 8d.ef). Specifically. a secand region of strong thermal
gradient and second surface vorticity maxinmm occurs, as well as a shift in the midtropo-
spheric maximum over the second front [Figs. 8d.e.f, respectively ). This second front has a
temperature gradient, vorticity maximuom, and vertical motion as large as, or larger than,
that of the primary front (Figs. 8d e.[, respectively) and of the front in the case without the
warm anomaly [Figs. 8a.b.c. respectively).

In a different idealized model configuration testing the same process, Reeder et al. (1991}
showed that the formation af this secand front is a reflection of the model’s enhanced response
to the frontogenetic forcing in the presence of weaker static stability induced by the warm
anomaly. Observationally, such warm anomalies may occur owing to intense surface heating
over continents ahead of cold fronts, as in the prcfmrLLa| LECILI.EI‘lH formed |::J.r heat lows or
downsloping in the lee of orography over Australia (e.g.. Fandry and Leslie 1954; Physick
1988; Kepert and Smith 1992; Skinner and Leslie 1999: Kraus et al. 2000; Preissler et
al. 2002). Cald fronts encountering the elevated mixed layer over the southern Plains may
ex perience such features, too (e.g.. Schultz and Roebber 2005). The Spanish plume [Morris
19836; van Delden 1998) may also be a similar feature over western Furope. Despite these
similarities, this mechanism remains undiagnosed using real data.

Whereas the previous mechanisms have dealt with external explanations for the prefrontal
features, these next subsections address those situations for which the dynamics related to
the front itselfl (internally ) result in the pressure trough or wind shift being out ahead of the

cold front.
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de  Along-front temperature gradients

The horizontal-shear-induced model of frontogenesis was reviewed by Smith and Reeder
(1988). Based on earlier wark (e.g., Hsie et al. 1984; Reeder 1986; Reeder and Smith 1986,
1987}, Smith and Reeder [1983) found that along-front warm advection leads to surface
pressure falls ahead of the frontal zone. Whereas the along-front warm advection is asso-
ciated with the pressure trough and the wind shift, the isotherms constituting the frantal
zone are transported by the wind at the advective wind speed. Thus, the possibility exists
that propagation of the pressure trough could occur relative to the temperature gradient
(Fig. 9), implying a separation between the pressure trough and the temperature gradient.
Idealized frants in such cases have the maximmm surface relative vorticity, maximum surface
convergence, and minimum surface pressure coincident. but they lie ahead of the maximum
harizontal temperature gradient by arder 100 km.

Sanders (1999a) offered a similar argument. He relied on the Sanders (1971} analytic
model of baroclinic disturbances. which showed that, for along-front temperature gradients
of arder 0.5°C (100 km)™". propagation of the pressure trough relative to the Earth could be
5-10 m s=! (Fig. 10). In addition to the lee-trongh mechanism (section 3¢}, the along-frant
warm-advection mechanism suggests another way that prefrontal warm advection can lead
Lo prefrontal features,

This mechanism has been proposed to explain the presence of prefrontal troughs, but
has not been quantitatively tested using observations. The west coast of Australia is known
far its frequent occurrence of fronts with along-front warm advection [eg.. Fig. 11}, In a
different case aver the southwest United States, Sanders (19995} found no agreement between

1

Lhe quantitative prediction from his theory and the observations (10 m s~ computed versus

172 ms" abserved). The applicability of this theory for this event. however, may be limited

due to hypothesized diabatic effects on the frontogenesis (Hoffman 19935).
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Possibly a similar mechanism for prefrontal features in horizontal-shear-induced fronto-
genesis models was proposed by Hoss and Orlanski (1932} and investigated in more detail
by Orlanski and Rass [1984) using a hydrostatic primitive-equation model for a real atmo-
spheric case [see also Fmanuel 1985a). They found that the ageostrophic vorticity term in
Lhe surface divergence-tendency equation resulted in a negative feedback to limit intensifica-
tion of the front (ie.. producing descent over the leading edge of front), effectively shifting
the convergence maximum to the warm side of the frontal mone by up to 400 km (Fig. 1}). In
a linear, two-layer, dry model, Orlanski and Ross (1934} found that vorticity and divergence
within the surface front oscillated about an equilibriom state, with a periodicity close to the
inertial period. Garner (1989a.b). on the other hand, concluded that this periodicity im-
plied an inertial oscillation and that the energy of these oscillations was too small to produce
Lhe abserved features. In fact. the unbalanced initial conditions used by Orlanski and Ross
(1984 ) may have produced the inertial oscillations, which resulted in the separation. Thus,
Lhe relevance af this work, especially to the real atmosphere, is unknown.

Reeder (1986, p. 143) showed in his idealized numerical model simuolations that conwver-
genoe preceded the temperature gradient and vorticity by about 40 km. Two-dimensional
shear simulations of idealized fronts by Orlanski and Ross (1977), Gidel (1978}, Reeder and
Smith (1986, 1987, 1988), and Keuler et al. [1992) showed the same behavior. Whereas
Keuler et al.’s [1992) simulations featured a near-constant separation of about 200 km be-
tween the maximum temperature gradient and the suface convergence maximm, Reeder
and Smith's {1986) simulations had a decrease in the separation of these features during
frontal collapse. Reeder and Smith (1987) noted that, in a three-dimensional simul ation of a
nonsimultaneous Australian cold front, the surface convergence led the vorticity maximuom
by 95 km. followed in 158 km by the temperature gradient. In this case, the temperature

gradient was in a region of horizantal divergence, leading to weakening. Gall et al. [1957)
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