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ABSTRACT

The conceptual model of a classical surface-based 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 (hereafter called a prefrontal trough and prefrontal wind shift,
respectively). Although many authors have recognized these prefrontal features previously, a review of the
responsible mechanisms has not been performed to date. This paper presents such a review. Ten disparate
mechanisms with different frontal structures have been identified from the previous literature. These
mechanisms include those external to the front (i.e., those not directly associated with the cold front itself):
synoptic-scale forcing, interaction with lee troughs/drylines, interaction with fronts in the mid- and upper
troposphere, and frontogenesis associated with inhomogeneities in the prefrontal air. Mechanisms internal
to the front (i.e., those directly associated with the structure and dynamics of the front) include the
following: surface friction, frontogenesis acting on alongfront temperature gradients, moist processes, de-
scent of air, ascent of air at the front, and generation of prefrontal bores/gravity waves. Given the gaps in
our knowledge of the structure, evolution, and dynamics of surface cold fronts, this paper closes with an
admonition for improving the links between theory, observations, and modeling to advance understanding
and develop better conceptual models of cold fronts, with the goal of improving both scientific understand-

ing and operational forecasting.

1. Introduction

Conceptual models of surface-based cold fronts pre-
sented in textbooks (e.g., Wallace and Hobbs 1977, sec-
tions 3.2 and 3.3; Carlson 1991, p. 343; Bluestein 1993,
p. 246) generally feature a discontinuity (or near dis-
continuity) in temperature, a simultaneous wind shift,
and coincident pressure trough with cold-frontal pas-
sage. These characteristics of classical cold fronts are
predicted from zero- and first-order discontinuity
theory (e.g., Petterssen 1933; Godson 1951; Saucier
1955, p. 109; Bluestein 1993, 240-248). Not all cold
fronts, however, possess the classic cold-frontal passage
featuring the simultaneity of the temperature decrease
and wind shift. In other instances, separate structures
may occur in close proximity together (e.g., a dryline in
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advance of a surface cold front), complicating interpre-
tation.

In fact, these characteristics were noted in some of
the early Norwegian literature on cold fronts. For ex-
ample, Bjerknes (1919) analyzed a forerunner, or a pre-
frontal wind shift, in an early schematic of the Norwe-
gian cyclone model, although this feature was dropped
in later versions because the feature lacked generality.
[See the discussion in Friedman (1989, 128-134) for
more information on the short-lived forerunner.] A dif-
ferent type of cold-frontal structure, the double cold
front, 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 chang-
ing into a double cold front. The foremost of the two
cold fronts showed only a very small drop of tempera-
ture and veer of wind, whereas the second, which fol-
lowed not more than 30 miles behind, was well de-
fined both in respect to temperature and wind. Nev-
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ertheless, the rain accompanied the first of the cold
fronts, and the second did not give any precipitation
whatever. (Bjerknes 1926, p. 32)

Like the forerunner, support for the double cold front
as part of the Norwegian cyclone model quickly waned.
Although the forerunner and double cold front con-
cepts did not find a more permanent place in the Nor-
wegian cyclone model, the Norwegians had observed
frontal structures that did not fit their conceptual
model. Such nonclassical structures were not limited to
the Norwegians, however. As shown in this article, pub-
lished results ranging from the 1920s to the present
using observational analysis, theoretical approaches,
and numerical simulations reveal many fronts possess-
ing a variety of nonclassical structures that require ex-
planation.

Understanding the processes that control the struc-
ture and evolution of fronts is essential for the accuracy
of weather forecasts for several reasons. First, Sanders
(1967, 1983, 1999a) has argued that the relationship be-
tween the wind shift and temperature gradient deter-
mines the future strength of the cold front. Cold fronts
in which the wind shifts are coincident with the tem-
perature gradient imply frontogenesis or a strengthen-
ing temperature gradient over time. In contrast, cold
fronts in which the wind shifts are not coincident with
the temperature gradient imply frontolysis or a weak-
ening temperature gradient over time as dissipative
processes (e.g., mixing) dominate. Second, in some
cases, the prefrontal wind shift or trough may develop
a temperature gradient and thus become frontogeneti-
cal, eventually leading to clouds and precipitation.
Third, given the right environmental conditions, con-
vective 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)
suggested that prefrontal troughs were responsible for
convective initiation in southeast Australia because
50% of thunderstorms are prefrontal. Finally, terminal
area forecasts (TAFs) for aviation and wildfire fore-
casts are crucially dependent on accurately forecasting
the timing of the wind shift associated with an advanc-
ing cold front. Understanding the reasons for such wind
shifts in these situations has the potential to improve
forecast performance.

I restrict attention in this paper to prefrontal features
associated with surface-based cold fronts for five rea-
sons. First, the conceptual model of surface cold fronts
emphasizes the simultaneous occurrence of the tem-
perature drop, wind shift, and pressure minimum. If
structures differ from this conceptual model, then
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learning more about the structure and evolution of cold
fronts would improve our understanding. Second, the
surface signatures associated with cold-frontal passages
tend to be sharper and better defined than for other
types of surface fronts. Third, cold fronts are more com-
monly 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 nonsimulta-
neity in upper-level fronts. Finally, substantial evidence
exists in the literature for the occurrence of prefrontal
features associated with cold fronts, and more than one
hypothesis has been suggested for their origin. Despite
such evidence, a comprehensive review of these mecha-
nisms, which would allow for categorization of these
events, as well as a more rigorous testing of these pro-
posed hypotheses, has not been compiled.

The purpose of this paper is to compile a review of
these mechanisms and highlight possible research di-
rections to resolve many of these issues with such pre-
frontal 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 understand these features. Section 3 assembles
various mechanisms that have been proposed for the
occurrence of prefrontal troughs and wind shifts. These
mechanisms group into 10 categories, illustrating the
diverse processes that produce these structures. Al-
though these 10 mechanisms constitute one classifica-
tion scheme, other self-consistent taxonomies are pos-
sible, as noted by one of the reviewers of this manu-
script. Section 4 synthesizes the results from the various
mechanisms and proposes connections between theory,
observations, and diagnosis that are needed to more
fully understand these phenomena. Through better un-
derstanding, 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 be-
low.

e Horizontal scale. Some of these proposed mecha-
nisms for the occurrence of prefrontal troughs and
wind shifts (discussed more fully in section 3) operate
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on the synoptic scale (through quasigeostrophic prin-
ciples) and some operate on the mesoscale. Even
smaller-scale fronts not associated with extratropical
cyclones are also known to possess troughs in the
warm air, such as thunderstorm gust fronts (e.g.,
Charba 1974; Goff 1976; Mahoney 1988) and sea
breezes (e.g., Geisler and Bretherton 1969; Alpert
and Rabinovich-Hadar 2003).

e Relative intensities. Prefrontal wind shifts can be
abrupt, or they can occur over several hours. Prefron-
tal pressure troughs can be sharp or subtle. After
their formation, prefrontal features sometimes de-
velop frontal characteristics. Sometimes they become
the dominant front, leading to frontolysis of the origi-
nal front (e.g., Hanstrum et al. 1990b; Charney and
Fritsch 1999; Bryan and Fritsch 2000a,b). Other
times, they maintain their intensity, yielding two or
more cold fronts (e.g., Browning et al. 1997). A third
possibility is that the prefrontal feature remains a
trough or a wind shift and never develops frontal
properties (e.g., Hutchinson and Bluestein 1998).

o Fronts and airstream boundaries. A front represents
the boundary between two air masses, featuring a
wind shift and a temperature gradient. Fronts are a
subset of airstream boundaries. An airstream bound-
ary represents the boundary between two air streams,
also known as conveyor belts (e.g., Carlson 1980) or
coherent ensembles of trajectories (e.g., Wernli and
Davies 1997; Wernli 1997). A prefrontal trough is one
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 evalu-
ate frontogenesis are well known and popular (e.g.,
Petterssen 1936; Keyser et al. 1988), diagnostics to
evaluate airstream boundaries are less widely used
(e.g., Petterssen 1940, 252-256; Petterssen 1956, p. 38;
Cohen and Kreitzberg 1997; Cohen and Schultz
2005).

e Relative speeds. After the formation of a prefrontal
feature, sometimes the cold front catches up and
merges with it (e.g., Shapiro 1982; Locatelli et al.
1989, 2002a; Bluestein 2005, manuscript submitted to
Amer. Meteor. Soc. Meteor. Monogr., hereafter
BLU; Bluestein 1993, p. 162; Keshishian et al. 1994;
Colle and Mass 1995; Browning et al. 1997; Hutchin-
son and Bluestein 1998; Neiman et al. 1998; Neiman
and Wakimoto 1999; Parsons et al. 2000; Stoelinga et
al. 2000; Rose et al. 2002). Other times, the prefrontal
feature develops and travels faster than the cold
front, thereby increasing their separation (e.g., San-
ders 1999b; Locatelli et al. 2002b).
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e Separation between prefrontal feature and front. The
temporal separation between the prefrontal feature
and the front can range anywhere from minutes to
hours. Given typical frontal speeds (order 10 m s~ ),
these prefrontal features could lie anywhere from
one kilometer to hundreds of kilometers ahead of the
temperature gradient, respectively. Sometimes mul-
tiple 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 feature was associ-
ated with the rope cloud, an increase in wind speed,
and a veering of the wind direction. The second pre-
frontal feature arrived 5-10 min later when the tem-
perature fell about 4°C. Two hours later, however,
what Seitter and Muench (1985) termed the “original
front” passed with a further shift in wind direction of
20° and temperature decrease of several degrees. An-
other example in which the rope cloud is about 250
km ahead of the largest temperature decrease was
observed by Dorian et al. (1988, their Fig. 17).

Regardless of the characteristics of the prefrontal
feature or its proposed mechanism for formation, if
these features are hydrostatically balanced (which we
believe they likely are for the majority of events dis-
cussed in the literature—one possible nonhydrostatic
mechanism is discussed in section 3h), surface pressure
changes or wind shifts must be accompanied by tem-
perature changes within the overlying air column. For
example, if a surface pressure trough is to exist, then
the average temperature in the atmospheric column
over the surface trough must be warmer than surround-
ing locations. Thus, the proposed mechanisms in this
paper must include supporting evidence that a warmer
column of air overlies the surface pressure trough. In
addition, the sharpness of the surface trough must also
match the sharpness of the vertically integrated thermal
structure aloft.

3. Mechanisms for prefrontal troughs and wind
shifts

Sanders and Doswell (1995, p. 510) said, “It often
appears, however, that one or more wind shifts precede
the zone of temperature contrast in cold fronts . .. The
origins of such lines are not typically well known and
they may arise from more than one source.” Indeed,
numerous diverse explanations have been proposed for
such prefrontal troughs and wind shifts, as is shown in
this review.
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These mechanisms can be separated into processes
external to the front and those internal to the front. I
define external processes as those mechanisms for non-
classical frontal structures that are associated with pro-
cesses not directly associated with the cold front itself,
such as those with the environment of the front. On the
other hand, internal processes are those associated with
the cold front itself. Because such processes may not be
mutually exclusive, it may be possible that some mecha-
nisms overlap, as discussed further in section 4a. Those
mechanisms external to the front include

(a) synoptic-scale forcing

(b) interaction with lee troughs and drylines

(c) interaction with fronts in the mid- and upper tro-
posphere

(d) frontogenesis associated with inhomogeneities in
the prefrontal air

Those internal to the front include

(e) surface friction

(f) frontogenesis acting on alongfront temperature
gradients

(g) moist processes

(h) descent of air

(i) ascent of air at the front

(j) generation of prefrontal bores and gravity waves

The remainder of this section explores these possible
explanations in the order listed above.

a. Synoptic-scale forcing

One way that fronts can develop prefrontal troughs
or wind shifts is through the influence of a synoptic-
scale system. Consider a case of a mid- to upper-level
short-wave trough in advance of a surface front. A pre-
frontal surface pressure trough may be induced by sur-
face pressure falls in advance of the short-wave trough
aloft. Adjustment processes may result in the winds
responding to this pressure trough, producing a pre-
frontal wind shift coincident (or nearly so) with the
pressure trough. Thus, the synoptic-scale feature aloft
can produce a prefrontal trough and wind shift. Topog-
raphy may aid in this separation and is discussed further
in section 3b. Because the scale of quasigeostrophic
processes is quite large, the reflection of surface pres-
sure falls ahead of surface front is likely a broad trough,
at least initially.

Idealized frontal models are also capable of produc-
ing prefrontal troughs due to synoptic-scale forcing. As
reviewed by Smith and Reeder (1988) and Snyder et al.
(1993), two idealized frontogenesis models exist: the
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confluence-induced and horizontal-shear-induced Eady
(1949) wave models, as formulated by Hoskins and
Bretherton (1972) and Williams (1967), respectively.
Confluence-induced models are discussed in this sec-
tion, whereas horizontal-shear-induced models are dis-
cussed in section 3f.

At the time of frontal collapse in a confluence-
induced model, the vorticity, surface convergence, and
temperature gradient become collocated along the di-
latation axis, although before that time these features
may not necessarily be collocated (e.g., Davies and
Miiller 1988; Smith and Reeder 1988). Thus, except for
transitory structures, the confluence-induced model as
traditionally formulated does not produce prefrontal
features.

In such a traditionally formulated confluence-in-
duced model, Smith and Reeder (1988) stated that
frontal motion could only occur in response to the sec-
ondary circulation itself. In other words, frontal motion
was not very realistic. Cunningham and Keyser (1999)
demonstrated that extending the confluence-induced
model by adding a translating dilatation axis (i.e., the
line of zero cross-front basic-state wind speed in a field
of pure stretching deformation) 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 dila-
tation axis moving from cold to warm air, the dilatation
axis preceded the merged surface baroclinicity and vor-
ticity axes by several hundred kilometers (Cunningham
and Keyser 1999, their Fig. 2b). The implication of the
results of Cunningham and Keyser (1999) is that frontal
motion can be controlled by the large-scale flow in
which the front is embedded.

Cunningham and Keyser (1999) showed that when
the speed of the basic-state dilatation axis is large, the
confluent asymptote of the total wind field (where the
sign of the cross-front velocity component changes, the
location of which is related to the translating dilatation
axis and its speed of movement) may be in the warm air
ahead of the maximum baroclinicity or vorticity (see
Fig. 1 for an example of what this might look like on a
horizontal map of streamlines). Thus, prefrontal wind
shifts, when they occur, may occur at the confluent as-
ymptote and/or the axis of maximum vorticity (where
the sign of the alongfront velocity component changes).
Furthermore, there may be initial periods where the
surface baroclinicity and vorticity maxima are not co-
incident, as in Davies and Miiller (1988). Cunningham
and Keyser (1999) did not address the surface pressure
field, so whether their wind shifts are associated with
prefrontal troughs is not known. The Cunningham and
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FIG. 1. Schematic of proposed streamline pattern near the sur-
face within a cold-frontal zone with the cold air mass at the top of
the figure. A coordinate system relative to the front is shown
where x is the cross-front coordinate and y is the alongfront co-
ordinate. The line of maximum vorticity is indicated by cross
hatching. The line of maximum convergence is shown by hatching.
Vorticity is zero along the maximum convergence line if vorticity
and convergence are 90° out of phase (Orlanski and Ross 1984,
their Fig. 24).

Keyser (1999) mechanism may exist outside of ideal-
ized frontal model simulations, but this mechanism has
not been applied to observations of cold fronts.

Observations of fronts in large-scale flow environ-
ments resembling pure deformation zones have been
documented in at least three instances: Rabin et al.
(1987) examined a stationary front over the southern
United States, Ostdiek and Blumen (1995) studied a
moving cold front over the central plains of the United
States, and Wakimoto and Cai (2002) analyzed a mov-
ing front over the North Atlantic Ocean. To the ability
of the observations from these studies to detect nonsi-
multaneity, these latter two traveling fronts appeared
to possess simultaneity while moving forward into the
warmer air. Thus, these studies do not provide a rigor-
ous test for the Cunningham and Keyser (1999) mecha-
nism.

Another location where fronts resembling the con-
fluence model occur frequently is near Australia. The
meridional front (Civilian Staff 1945; Troup 1956; Tal-
jaard 1972) derives its name from being a north-south-
oriented front, sandwiched within a hyperbolic defor-
mation zone created between two mobile anticyclones
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over the Southern Ocean. Many of these fronts are
not true cold fronts (Troup 1956) and may simply rep-
resent deformation zones, however. Observations of
such fronts before they arrive onshore do not exist,
unfortunately. Thus, supporting observations have not
arisen and this mechanism remains untested observa-
tionally.

b. Interaction with lee troughs and drylines

Fronts interacting with topography may cause a clas-
sical front to develop nonclassical characteristics. In
idealized simulations of fronts moving over mesoscale
mountains, Keuler et al. (1992) and Dickinson and
Knight (1999) found that an initially simultaneous front
produced by the Eady baroclinic wave became altered
by its interaction with the mountain such that the sur-
face temperature gradient associated with the front was
up to 400 km behind the surface vorticity maximum.
Illustrated schematically, the Eady wave approached
the mountain (Fig. 2a), and the separation between the
temperature gradient and the surface vorticity was due
to the blocking of the original front on the upstream
side of the mountain and the development of new vor-
ticity in the lee of the mountain in the presence of
lower-level warm advection (Figs. 2b,c). Once the sur-
face cold air and the upper-level portion of the wave
moved over the ridge, the vorticity maximum (Fig. 2d)
and the temperature gradient recombined and moved
eastward.

In the lee of the Rocky Mountains, Hutchinson and
Bluestein (1998) showed that as many as 60% of the
cold fronts in the central United States were associated
with prefrontal wind shifts (Fig. 3). For example, Sand-
ers (1967, 1983) showed a front over Oklahoma using
high-resolution surface observations where the wind
shift preceded the temperature drop by 1-16 min. A
composite analysis of 1-min time series analyses at sta-
tions where frontal passage occurred showed that the
maximum convergence and vorticity lay ahead of the
temperature gradient, when composited across all the
observing sites relative to the passage of the vorticity
maximum (Sanders 1967, 1983). Other examples of
fronts with prefrontal features of this type have been
presented by Locatelli et al. (1989), Colle and Mass
(1995), Schultz (2004), and Schultz and Roebber (2005,
manuscript submitted to Amer. Meteor. Soc. Meteor.
Monogr., hereafter SR), Hutchinson and Bluestein (1998)
and Schultz (2004) attributed these prefrontal wind
shifts to drylines (e.g., Schaefer 1986) or lee troughs.

As illustrated schematically in Fig. 4a, westerly flow
across the Rocky Mountains leads to the formation of a
lee trough. An equatorward-moving cold/arctic front
and prefrontal warm advection causes the movement of
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F1G. 2. Idealized schematic of a front moving over a mountain
(Dickinson and Knight 1999, their Fig. 14). (a) The approach of a
coupled upper- and lower-level trough toward a mountain; (b) the
low-level blocking of the front along the windward slope, and the
development of the lee trough and secondary trough along the lee
slope; (c) the separation of the upper-level and lower-level frontal
waves; and (d) the coupling of the upper-level frontal wave with
the secondary trough in the lee of the mountain. Isopleths repre-
sent relative vorticity. Time between panels is 6-8 h, depending on
the strength of the frontal circulation and the size of the mountain
(M. Dickinson 2004, personal communication).

the lee trough away from the mountains (Fig. 4b). This
warm advection implies that trough development oc-
curs ahead of the surface cold front. Such low-level
warm advection may be due to secondary circulations
associated with a 500-hPa short-wave trough (e.g., Uc-
cellini 1980). Schultz (2004) presented an alternative
explanation whereby the departure of the lee trough
from the mountains was due, not to the warm advec-
tion, but to forcing for surface pressure falls by a mobile
upper-level short-wave trough. Eventually, the faster-
moving cold front catches up to the lee trough, becom-

All Data 203

F1G. 3. A 2-yr climatology of prefrontal wind shifts between 1
May 1993 and 30 Apr 1995. Station model shows (upper left)
station identifier, (upper right) percentage of cold fronts that were
preceded by wind shifts, and (lower right) number of frontal pas-
sages during the sample. Percentage of fronts preceded by pre-
frontal wind shifts (solid lines every 20%) and the number of
fronts (dashed lines every 10) (Hutchinson and Bluestein 1998,
their Fig. 7).

ing one feature at the surface (Fig. 4c), as discussed by
numerous authors (e.g., Shapiro 1982; Locatelli et al.
1989, 2002a; BLU; Bluestein 1993, p. 162; Keshishian
et al. 1994; Colle and Mass 1995; Hutchinson and
Bluestein 1998; Neiman et al. 1998; Neiman and
Wakimoto 1999; Parsons et al. 2000; Stoelinga et al.
2000; Rose et al. 2002). Thus, the structures and evolu-
tion of the conceptual model in Fig. 4, which are based
on observational analysis, mimics that seen in the ide-
alized model simulations of Keuler et al. (1992) and
Dickinson and Knight (1999).

Prefrontal descent caused by topographic downslope
flow (i.e., a foehn) can also lead to a prefrontal trough.
For example, Heimann (1990) showed numerical simu-
lations in which warming of 5 K occurred in the pre-
frontal lower troposphere. Such prefrontal warming in-
creased the horizontal temperature difference across
the front [also noted for a different case by Schultz and
Trapp (2003, their Fig. 7b)], reduced the prefrontal sur-
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F1G. 4. Idealized evolution of a prefrontal wind shift (dashed
line). (a) Initially a wind shift associated with a lee trough or
dryline forms when low-level flow (arrows) is perpendicular to the
mountains. (b) The wind shift propagates away from the moun-
tains when the low-level flow veers with time and warm advection
(indicated by WA) is occurring to its east. (c) Eventually, the front
catches up to the wind shift (Hutchinson and Bluestein 1998, their
Fig. 24).

face pressure, and produced a forward-tilting frontal
structure (Heimann 1990).

Observationally, fronts moving through the western
United States may not necessarily fit the classical model
of fronts (e.g., Williams 1972). For example, Schultz
and Doswell (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 pressure trough could be fol-
lowed through the western United States, it could not
be characterized as a front. Schultz and Doswell (2000,
section 2c) argued that low-level baroclinicity does not
move through the western United States as easily as
upper-level features, allowing for the pressure trough
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associated with the upper-level wave to separate from
any preexisting surface cold front. An example of such
a mechanism may be the apparent separation between
the surface trough and the baroclinicity in Sanders
(1999b), where the forcing for surface pressure falls
associated with the 500-hPa trough lay ahead of the
surface cold front (cf. Figs. 1a, b, ¢ and 4a, c, e in Sand-
ers 1999b, respectively), although it is likely that dia-
batic processes cannot be divorced from this case (e.g.,
Hoffman 1995).

Drylines in the south-central United States can also
serve as prefrontal wind shifts. The dryline represents a
quasiclimatological boundary between the southerly
moist air mass originating over the Gulf of Mexico and
the westerly or southwesterly dry, well-mixed air mass
originating over New Mexico and west Texas. Advanc-
ing fronts from the west or north can approach and
interact with the dryline, giving the appearance of a
prefrontal wind shift. Merger between drylines and
fronts often results in convective initiation and severe
weather (e.g., Koch and McCarthy 1982; Ogura et al.
1982; Shapiro 1982; Schaefer 1986; Neiman et al. 1998;
Koch and Clark 1999; Neiman and Wakimoto 1999;
Parsons et al. 2000; Stoelinga et al. 2000; Rose et al.
2003; BLU).

c. Interaction with fronts in the mid- and upper
troposphere

The interaction between a surface-based cold front
and an upper-level system to produce a nonclassical
frontal structure can manifest itself in other ways as
well. Here, interaction could mean the merger or sim-
ply collocation of these two features. During the 12-14
March 1993 Superstorm, Schultz et al. (1997) observed
a prefrontal trough and wind shift ahead of the tem-
perature drop associated with the cold front in eastern
Mexico. Schultz and Steenburgh (1999) showed that
these prefrontal features were a result of a midtropo-
spheric front interacting 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 tropospheric mean tem-
peratures at the leading edge of the midtropospheric
front. Thus, a surface pressure trough preceded the sur-
face cold front, with the surface wind shift responding
to the trough.

Locatelli et al. (1995, 1997) suggested that weak
surface pressure troughs or an inflection in the sur-
face pressure traces occurred ahead of surface fronts
owing to cold advection aloft, similar to the instability
lines of Fulks (1951) and House (1959). Further ob-
servational evidence was provided by Neiman et al.
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FIG. 5. Schematic of the decoupling of the Pacific cold front
from the surface by the Gulf of Mexico air mass. The Pacific front
is shown at two times (f, and ¢, + At, where At is about 18 h)
relative to the stationary Gulf of Mexico air mass. Top of the
shallow Gulf of Mexico air mass (dashed line) and intersection of
the dashed line with the ground indicates the surface position of
the dryline. West is to the left (Neiman et al. 1998, their Fig. 27).

(1998)! and Neiman and Wakimoto (1999) over the
central United States, showing that surface pressure
troughs were indicative of the location of a previous
surface-based front having moved aloft (Fig. 5). Stoel-
inga et al. (2003) showed that the convergence associ-
ated with the moving surface pressure field associated
with a cold front aloft could initiate and maintain a
convective line. In Europe and the eastern United
States, structures such as split fronts (e.g., Browning
1990; Koch 2001; and references therein) 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 nonsimultaneous cold front at the
surface.

! Neiman et al. (1998) analyzed the same case as Locatelli et al.
(1995), arriving at a slightly different conclusion. Whereas Loca-
telli et al. (1995, p. 2648) found that there was no horizontal
potential temperature gradient at the surface with the Pacific cold
front before the merger with the dryline, Neiman et al. (1998,
2532-2533) found a surface frontal signature. In regard to other
cases, however, Hobbs et al. (1996, p. 1173) state, “As this upper-
level baroclinic zone, or CFA [cold front aloft], moves over the
Rockies, it may be associated with a front at the surface. However,
as it moves down the eastern slope of the Rockies and out over
the Great Plains, adiabatic warming associated with the low-level
downslope flow tends to erode the baroclinic zone at the surface.”
Later papers by Hobbs and collaborators emphasize the forma-
tion of the CFA as resulting from a surface Pacific cold front
occluding with the lee trough, rather than from low-level fron-
tolysis due to downslope adiabatic warming.
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F1G. 6. Example of a “leader” or “intercell” front over the
western part of the South African plateau in the winter in advance
of the polar cold front. Section AB is along 30°S (Taljaard 1972,
his Fig. 8.11).

d. Frontogenesis associated with inhomogeneities in
the prefrontal air

Several authors have proposed mechanisms involving
inhomogeneities in the prefrontal air that lead to the
formation of a prefrontal trough and wind shift. These
mechanisms include (i) preexisting frontal features
ahead of the surface front and (ii) inhomogeneities in
the prefrontal environment that develop frontal char-
acteristics due to synoptic or frontal forcing.

An example of the first mechanism is the leader or
intercell front in South Africa (e.g., Taljaard 1972),
which appears to be an onshore-moving sea breeze
ahead of a cold front (Fig. 6). Perhaps most intriguing is
the second mechanism by which a constant forcing ap-
plied to a region with horizontal variations in static
stability develops multiple fronts. Hoskins et al. (1984)
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. 7). They per-
formed idealized two-dimensional semigeostrophic
simulations of growing baroclinic waves. One featured
a surface temperature profile monotonically decreasing
to the north (their “smooth temperature profile”); the
other featured the same temperature profile, but with a
warm anomaly in the warm prefrontal air (their case
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FiG. 7. Idealized frontal simulations: (a)-(c) the smooth-profile solution and (d)—(f) case IV, a solution with a
warm anomaly of maximum 4°C added to the warm air, as per Fig. 3 in Hoskins et al. (1984). (a) Alongfront wind
speed (solid lines every 5 m s~ '), potential temperature (dashed lines every 4°C), and the cross-frontal streamlines
(arrows). (b) Relative vorticity (solid lines every 0.2f); the zero contour passes along the middepth of the section.
(c) Vertical velocity (every 0.1 cm s~ !; solid positive and dashed negative). (d), (), and (f) Same as (a), (b), and
(c), respectively, except for case IV (Hoskins et al. 1984, their Figs. 1, 4d, 5d, and 6d).

1V). In the smooth-profile simulation, a single region of
strong surface temperature gradient, single surface vor-
ticity maximum, and single midtropospheric vertical
motion maximum form (Figs. 7a,b,c, respectively). In
contrast, in case IV, the warm anomaly results in the
production of a second front in the warm air ahead of
the original front (Figs. 7d—f). Specifically, a second
region of strong thermal gradient and second surface
vorticity maximum forms, as well as a shift in the
midtropospheric vertical motion maximum over the
second front (Figs. 7d,e.f, respectively). This second
front has a temperature gradient, vorticity maximum,
and vertical motion as large as, or larger than, those of
the primary front (Figs. 7d,e,f, respectively) and of the
front in the case without the warm anomaly (Figs.
7a,b,c, respectively).

In a different idealized model configuration testing
the same process, Reeder et al. (1991) showed that the
formation of this second 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 conti-
nents ahead of cold fronts, as in the prefrontal troughs
formed by heat lows or downsloping in the lee of orog-
raphy over Australia (e.g., Fandry and Leslie 1984;
Physick 1988; Kepert and Smith 1992; Skinner and
Leslie 1999; Kraus et al. 2000; Preissler et al. 2002). The

Spanish plume (Morris 1986; van Delden 1998) may
also be a similar feature over western Europe. Despite
these similarities, this mechanism remains undiagnosed
using real data.

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

e. Surface friction

Many early cross sections of cold fronts were drawn
with a nose aloft protruding forward above the surface
position of the front (e.g., Kobayasi 1923; Giblett 1927
Flower 1931; Brunt 1934, 344-345), rather than the
rearward-sloping surface depicted by the Norwegians.
This nose was later documented with high-resolution,
temporal-resolution data from an instrumented tower
by Shapiro (1984) (Fig. 8).

Brunt (1934) argued that such a structure would im-
ply a prefrontal surface pressure trough because the
leading edge of the cold advection arrives aloft first.
Taylor et al. (1993) observed a 25-km separation be-
tween the wind direction and the temperature gradient,
and they suggested that the overhanging cold air may
have been responsible.

Such prefrontal structures have also been detected in
















































