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ABSTRACT

A mesoscale-model simulation is used to examine the evolution of the cold front and accompanying cloud
bands in eastern Mexico associated with Superstorm 1993 (12–14 March). The simulated cold front differed in
structure and evolution from a classical cold front, in agreement with evidence from observations and European
Centre for Medium-Range Weather Forecasts analyses. The surface cold front, as defined by the leading edge
of strong northerlies and cold advection, initially possessed a rearward tilt with height over southern Texas.
Within 6 h, the leading edge of the front moved equatorward and developed a large-scale forward tilt of greater
than 200 km in the horizontal from the surface to 700 hPa. This forward tilt occurred as a mid- to upper-
tropospheric baroclinic zone arrived from over the Sierra Madre, descended into eastern Mexico, and interacted
with the surface cold front. Embedded within this large-scale forward tilt was a locally enhanced horizontal
potential temperature gradient that also tilted forward ;100 km from the surface to 850 hPa. Tilting frontogenesis
associated with ascent at the leading edge of the surface front was responsible for the smaller-scale forward-
tilting structure. This surface-based ascent is believed to have caused the primary cloud band observed from
satellite imagery that is coincident with the leading edge of the front, whereas a second region of ascent, elevated
at the leading edge of the mid- to upper-tropospheric baroclinic zone, is believed to have caused the prefrontal
cloud band revealed by satellite imagery. Subsidence behind the forward-tilting cold-frontal structure at and
above 850 hPa (and concomitant divergence underneath) resulted in frontolysis of the surface front, and eventually
the dissipation of the primary cloud band, leading to the dominance of the prefrontal cloud band. Finally, the
Superstorm 1993 cold front is compared and contrasted to nonclassical cold-frontal structures found in the
literature and a general context for frontal interaction is discussed.

1. Introduction

The classical conceptual model of a cold front, as
derived from case studies of observed events (e.g.,
Sanders 1955; Shapiro 1984; Bond and Fleagle 1985;
Bond and Shapiro 1991; Neiman et al. 1991) and as
summarized in review articles (e.g., Keyser 1986;
Browning 1990), typically is manifested as a baroclinic
zone that monotonically tilts rearward with height over
the cold postfrontal air. At the leading edge of the cold
front, a narrow band of ascent occurs that sometimes
produces a rope cloud (e.g., Janes et al. 1976; Shapiro
and Keyser 1990, section 10.3.1), and, if precipitating,
a narrow cold-frontal rainband (e.g., Browning and Har-
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rold 1970; Knight and Hobbs 1988). The passage of a
classical cold front at the surface typically is marked
by a relative minimum in sea level pressure (pressure
trough), cyclonic wind shift, and temperature decrease
(e.g., Bluestein 1993, 256–269). In some cases, how-
ever, cold fronts do not possess these characteristics;
they can be tilted forward with height, possess prefrontal
features (e.g., troughs, cloud bands), or both.

Forward-tilting cold fronts1 have been noted previ-

1 In this paper, the term forward-tilting cold front is used to de-
scribe a cold front where the onset of cold advection in the lower-
to midtroposphere precedes that at the surface. A possible interpre-
tation of this definition, and one that appeared to be in favor among
meteorologists during the 1940s and 1950s (see, e.g., Berry et al.
1945, 653; Newton 1963, 36), is that a forward-tilting front may be
associated with regions of the atmosphere that are absolutely unstable
(i.e., ]u/]z , 0), but this scenario is not validated by the case studies
in the following discussion (section 1) and later in this paper (e.g.,
Fig. 6d and section 6).
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FIG. 1. (a) Cross section EF (location shown in Fig. 6a) from
European Centre for Medium-Range Weather Forecasts analysis at
1800 UTC 12 March 1993: potential temperature (thin solid lines
every 2 K), potential temperature advection [every 0.5 K h21; negative

←

(positive and zero) values dashed (solid) represent cold (warm) ad-
vection], and winds (one pennant, full barb, and half-barb denote 25,
5, and 2.5 m s21, respectively; displayed every 132 km). (b) Wind
(one pennant, full barb, and half-barb denote 25, 5, and 2.5 m s21,
respectively) and temperature (8C) profiles for Veracruz, Mexico, at
1200 UTC 12 March 1993 (12/12; solid line), 0000 UTC 13 March
1993 (13/00; dashed line), and 1200 UTC 13 March 1993 (13/12;
dashed–dotted line). (c) Isochrones of cloud bands as determined from
available visible and infrared satellite imagery. Isochrones of cloud
band 1 (2) denoted by solid (dashed) lines; UTC hours labeled in
normal typeface (italics). Adapted from Schultz et al. (1997, Fig. 10).

ously in the literature. Brunt (1934, 344–345) claimed
that there is ‘‘definite observational evidence’’ of cold
fronts having a ‘‘nose’’ (a forward protrusion of un-
specified length) as high as 500 m above ground. Brunt
also argued that a surface pressure trough would be
found below the nose of the cold front (a prefrontal
trough). Other early views of forward-tilting cold fronts
can be found in Bjerknes (1930, Fig. 8) and Flower
(1931). More recent observational (Hardy et al. 1973;
Bedard and Sanders 1978; Morales 1981, Fig. 9; Lo-
catelli et al. 1989) and numerical modeling (Kuo and
Reed 1988; Mass and Schultz 1993; Steenburgh and
Mass 1994; Colle and Mass 1995) work has presented
examples of fronts that are forward-tilting with height.
Also, several authors have suggested that some midlat-
itude cold fronts entering the Tropics first arrive aloft
and later become evident at the surface (e.g., Forsdyke
1949, 40; Palmer 1951, 867; Trewartha 1966, 46–48).

The existence of prefrontal features such as troughs,
wind-shift lines, and cloud bands has also been rec-
ognized previously (e.g., Bjerknes 1930, 5–7; Tepper
1950; Newton 1950; Garratt 1988; Hanstrum et al.
1990a, b; Bluestein 1993, 258–259; Charney and Fritsch
1996; Browning et al. 1997; Neiman et al. 1998; Bryan
and Fritsch 1998; Sanders 1998). Sanders (1983), Colle
and Mass (1995), Sanders and Doswell (1995), and
Hutchinson and Bluestein (1998) presented observa-
tional evidence that troughs and wind-shift lines can
precede cold fronts in the southern and central United
States. In fact, as many as 60% of the cold fronts in the
lee of the Rocky Mountains may be associated with
prefrontal wind shifts, often identified as lee troughs or
drylines (Hutchinson and Bluestein 1998). Furthermore,
prefrontal pressure troughs associated with midlatitude
cold fronts entering the Tropics have been noted by
several authors (e.g., Palmer 1951, 867; Trewartha 1966,
46; Fermor 1971; Hastenrath 1985, 241).

Schultz et al. (1997) performed an observational case
study of the midlatitude cold front associated with Su-
perstorm 1993 (12–14 March; hereafter SS93) that
moved equatorward into the Tropics along the eastern
slopes of the Sierra Madre of Mexico and Central Amer-
ica. They found that the structure and evolution of the
cold front in eastern Mexico was nonclassical in two
important aspects: the cold-frontal structure appeared to
be forward tilting, and prefrontal troughs/cloud bands
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were present. Figure 1 presents evidence for these non-
classical features. First, a cross section through the sur-
face cold front from the European Centre for Medium-
Range Weather Forecasts (ECMWF) analysis at 1800
UTC 12 March 1993 indicates that the cold advection
at 850–700 hPa occurred 200–300 km ahead of the cold
advection at the surface (Fig. 1a; the location of cross
section EF is shown in Figs. 6a,c). Second, the change
in the lower-tropospheric temperature and wind profiles
at Veracruz, Mexico (VER in Fig. 1c) between 1200
UTC 12 March and 0000 UTC 13 March suggests that,
because of strong afternoon boundary layer mixing and
surface heating, the strongest northerlies and largest
temperature decrease arrived at 925–850 hPa before ar-
riving at the surface (Fig. 1b), thereby suggesting a
forward tilt to the front. Later (1200 UTC 13 March),
the temperature and strong winds were more well mixed
through the lowest 50–150 hPa (Fig. 1b). Finally,
Schultz et al. (1997, Fig. 10) described multiple cloud
bands that were associated with the cold front at dif-
ferent times during its evolution. In particular, the cold
front, initially identified by a rope cloud (the primary
cloud band; cloud band 1 in Fig. 1c), began with the
pressure minimum, wind shift, and temperature decrease
nearly coincident, characteristics similar to a classical
cold front. By 1700 UTC 12 March, a second cloud
band (the prefrontal cloud band; cloud band 2 in Fig.
1c) formed in advance of the primary cloud band and
was associated with a prefrontal pressure trough.2 Over
the next 5 h, the surface wind in between the two cloud
bands increased in magnitude and became increasingly
northerly, as if the interstitial air were being diluted by
higher-momentum northerlies from aloft (Schultz et al.
1997, 23–24). By 2200 UTC 12 March, cloud band 2
became the leading edge of the surface cold front and
cloud band 1 was dissipating (Fig. 1c).

The purpose of this paper is to address these non-
classical aspects of the cold front associated with SS93
(the forward tilt of the cold front and its associated cloud
bands) as it moved equatorward along the eastern slopes
of the Sierra Madre in Mexico. The observed data pre-
sented in Schultz et al. (1997), although suggestive, was
often inadequate to provide additional details about the
evolution of this case and, therefore, to ascertain more
confidently its structure and dynamics. Consequently, a
mesoscale model simulation is used to provide a high-
resolution four-dimensional dataset for analysis and di-
agnosis. The mesoscale model and its configuration for
this study are described in section 2. The structure and
evolution of the simulated cold front are presented in
section 3. In sections 4 and 5, the model simulation is
further studied through trajectory and frontogenesis di-
agnostics, respectively, in order to examine the for-

2 Cloud bands 3–5 are not discussed in this paper. The dynamics
associated with cloud band 5 over the Gulf of Tehuantepec is ex-
amined by Steenburgh et al. (1998).

mation and maintenance of the forward tilt to the cold-
frontal structure and the evolution of the prefrontal and
primary cloud bands. Finally, in section 6, we compare
and contrast the SS93 cold front to other frontal struc-
tures in the literature.

2. Mesoscale-model description

The Pennsylvania State University–National Center
for Atmospheric Research mesoscale model (PSU-
NCAR MM5), a nonhydrostatic, primitive equation,
s-coordinate model (Dudhia 1993; Grell et al. 1994),
was employed to simulate the SS93 cold front. The sim-
ulation featured two domains with horizontal resolutions
of 60 and 20 km (Fig. 2), nested with a two-way in-
teractive mesh-refinement scheme. Thirty variably
spaced half-s levels3 were used with vertical resolution
varying from approximately 10 hPa in the boundary
layer to approximately 50 hPa in the upper troposphere.
Precipitation processes were parameterized using a
mixed-phase explicit-moisture scheme that includes
prognostic equations for water vapor, cloud water, rain-
water, cloud ice, and snow and also allows for super-
cooled water droplets. The Kain–Fritsch cumulus pa-
rameterization (Kain and Fritsch 1993) was used to rep-
resent subgrid-scale convective precipitation. Other pa-
rameterizations included a multilevel planetary
boundary layer (Zhang and Anthes 1982), a long- and
shortwave atmospheric radiation scheme (Dudhia 1989),
and a radiative upper boundary condition (Klemp and
Durran 1983). Further information about the model ter-
rain and initialization can be found in Steenburgh et al.
(1998, section 3). Throughout this paper, only output
from the 20-km domain is displayed, with the forecast
hour of the simulation defined relative to the beginning
of the 12-h dynamic-initialization period at 0000 UTC
12 March (0 h).

3. Synoptic evolution

Our analysis of the cold-frontal structure focuses on
eastern Mexico for three reasons. First, cloud bands 1
and 2 (nearly two-dimensional over a length of 200–
300 km), the features we wish to diagnose, occur only
in eastern Mexico and near the coast (Fig. 1c). Second,
numerous cross sections (not shown) indicate that the
forward-tilting structure is unique to eastern Mexico.
That the forward-tilt is found in the same region as the
cloud bands suggests that the two features may be re-
lated. Third, the surface and upper-air observations for
validation with the mesoscale-model simulation are
most abundant in eastern Mexico.

3 Specifically, the half-s levels were located at s 5 0.995, 0.985,
0.970, 0.945, 0.915, 0.885, 0.855, 0.825, 0.795, 0.765, 0.735, 0.705,
0.675, 0.645, 0.615, 0.585, 0.550, 0.510, 0.470, 0.430, 0.390, 0.350,
0.310, 0.270, 0.230, 0.190, 0.150, 0.110, 0.070, 0.025.
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FIG. 2. PSU–NCAR MM5 domains, topography (solid lines every 250 m, starting at 250 m), and sea surface
temperature (dashed lines every 28C).

To illustrate the large-scale environment in eastern
Mexico shortly after the initiation of the cold surge,
surface, 850-hPa, and 500-hPa analyses for 12 h into
the simulation (1200 UTC 12 March 1993) are presented
in Figs. 3a–c. The simulated surface cyclone was located
southeast of Brownsville, Texas (BRO in Fig. 1c) and
the leading edge of the surface cold front4 was located
just south of the Texas–Mexico border with 10 m s21

northerlies yielding cold advection over south-central
Texas (Fig. 3a). Note that the cyclogenesis was occur-
ring south of the primary baroclinic zone over the Gulf
of Mexico and the thermal gradient south of the ana-
lyzed cold front, laid down by prior convection in the
area, was characterized by warm advection (Fig. 3a).
At this time, the lower-tropospheric cold front was rear-
ward sloping as the leading edge of strong cold advec-
tion at the surface (near BRO) was about 200 km farther
equatorward than at 850 hPa (cf. Figs. 3a,b). The rear-
ward tilt is further illustrated by cross section AB (Fig.
3d; the location is shown in Figs. 3a,c), oriented nearly
perpendicular to the surface front. Cross section AB
shows the leading edge of the cold advection (identified
by the thick solid line labeled 0) tilting rearward from
the surface to 850 hPa, roughly coincident with the bar-

4 To distinguish between the leading edge of the surface cold front
and the prefrontal pressure trough, the cold front is defined in this
paper as the leading edge of strong northerlies and strong cold ad-
vection, consistent with the definition employed by Colle and Mass
(1995, 2577) in their study of cold surges east of the Rocky Moun-
tains. Because a purpose of this paper is to distinguish the prefrontal
trough from the cold front, the definition employed presently is not
consistent with the more liberal definition of Steenburgh et al. (1998),
who placed the cold front coincident with the pressure trough and
northerly wind shift.

oclinicity and wind shift from southerly–southwesterly
to northerly–northeasterly. At 500 hPa (Fig. 3c), a re-
gion of strong winds and cold advection was found over
northeastern Mexico in association with the upper-tro-
pospheric disturbance responsible for the initial SS93
cyclogenesis over the Gulf of Mexico [associated with
the so-called potential vorticity anomaly C, as illustrated
in Bosart et al. (1996, Fig. 3) and Dickinson et al. (1997,
Fig. 3)]. Cross section CD, taken across the 500-hPa
baroclinic zone (Fig. 4; the location is shown in Figs.
3a,c), illustrates that the baroclinicity extended from the
tropopause through the midtroposphere down to about
800 hPa. Hereafter, we will refer to this baroclinic zone
as the mid- to upper-tropospheric baroclinic zone. At
this time, the mid- to upper-tropospheric baroclinic zone
was further equatorward than the surface baroclinic
zone, which, in cross section CD (Fig. 4), was trapped
against the northeast slopes of the Sierra Madre (see
also the surface potential temperature in Fig. 3a). In
cross section AB (Fig. 3d), this mid- to upper-tropo-
spheric baroclinic zone was associated with cold ad-
vection at 700–500 hPa, which preceded that at the
surface by about 200 km. Low relative humidity air
(indicative of a recent history of subsidence associated
with the mid- to upper-tropospheric baroclinic zone, a
point to be illustrated further in section 4) was found
on the equatorward side of the mid- to upper-tropo-
spheric baroclinic zone above 800 hPa (Fig. 3d). In
general, these simulated analyses from the PSU–NCAR
MM5 agree well with manual analyses for this same
time (1200 UTC 12 March 1993) in Kocin et al. (1995,
their Figs. 3d–f).

By 15 h (Fig. 5), cross section AB shows that the
region of cold advection and drier air associated with
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FIG. 3. Simulated analyses at 12 h (1200 UTC 12 March 1993). (a) Potential temperature at the lowest half-s level (s 5 0.995; approximately
40 m above ground level) (thin solid lines every 1 K), sea level pressure (dashed lines every 2 hPa), and surface winds (one pennant, full
barb, and half-barb denote 25, 5, and 2.5 m s21, respectively; every 120 km); the location of cross sections AB and CD shown by thick
solid lines; large L indicates position of surface cyclone center; frontal symbols are conventional and represent surface frontal positions. (b)
850 hPa: potential temperature (thin solid lines every 1 K), geopotential height (dashed lines every 3 dam), and winds [as in (a)]. Areas
with surface pressure less than 850 hPa are shaded; large L indicates position of surface cyclone center; frontal symbols are conventional
and represent surface frontal positions. (c) 500 hPa: potential temperature (thin solid lines every 1 K), geopotential height (dashed lines
every 6 dam), and winds [as in (a)]; the locations of cross sections AB and CD shown by thick solid lines; large L indicates position of
surface cyclone center ; frontal symbols are conventional and represent surface frontal positions. (d) Cross section AB [location shown in
(a) and (c)]: potential temperature (thin solid lines every 1 K), relative humidity (%, shaded according to scale), potential temperature
advection [every 1.5 K h21; negative (positive and zero) values dashed (solid) represent cold (warm) advection], and winds [as in (a); every
19 km]. Dots represent the ending locations of trajectories at 12 h in Fig. 10 (labeled every third dot, except A23 and B23). White triangle
indicates surface location of cold front.

the mid- to upper-tropospheric baroclinic zone had de-
scended to about 850 hPa. The nascent interaction of
the mid- to upper-tropospheric baroclinic zone with the
surface cold front resulted in an apparent forward-tilting
cold-frontal structure from the surface to 700 hPa, with
850–700-hPa cold advection located equatorward of the
surface frontal position.

From 12 to 18 h (1200 to 1800 UTC 12 March 1993),
the simulated surface cyclone deepened 8 hPa and
moved east-northeastward (cf. Figs. 3a and 6a), and by
18 h (Fig. 6a) resembled the manually produced surface

analysis in Schultz et al. (1997, Fig. 13). At this time,
the leading edge of the cold air at the surface was located
near Tampico, Mexico (TAM in Fig. 1c), with the lead-
ing edge of cold advection at 850–700 hPa overspread-
ing that at the surface by 200–300 km (cf. Figs. 6a,b).
The horizontal potential temperature gradient within this
region of forward tilt was approximately 1–2 K (100
km)21. Within this larger region of forward-tilting cold
advection (hereafter referred to as the large-scale for-
ward tilt of the cold front), a region of locally enhanced
horizontal potential temperature gradient of 4–5 K (100
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FIG. 4. Cross section CD (location shown in Figs. 3a,c) at 12 h (1200 UTC 12 March 1993): potential
temperature (solid lines every 1 K), wind speed (m s21, shaded according to scale), and 1.5 potential vorticity
unit (1.5 3 1026 m2 s21 K kg21) contour (dashed line). Labeled dots (D10, D11) represent the approximate
starting locations of trajectories at 12 h (trajectory paths shown in Fig. 11b). The location labeled J represents
the total wind speed maximum.

km)21 was embedded (hereafter, the small-scale forward
tilt of the cold front). This small-scale forward tilt of
strong cold advection (as evinced by the 21.5 and 23
K h21 contours) occurred from the surface to 850 hPa,
with a forward tilt over this depth of about 100 km (Fig.
6d). Whereas the larger-scale forward tilt was due to
the interaction between the mid- to upper-tropospheric
baroclinic zone and the surface cold front, the embedded
smaller-scale forward tilt was due to frontogenetical tilt-
ing by ascent from the surface cold front of the overlying
baroclinicity (discussed further in section 5). Although
much of the region immediately above the leading edge
of the surface cold front became nearly isentropic from
the surface to 850 hPa within this region of small-scale
forward tilt (individual isentropes in this region were
nearly vertical through a depth of about 200 hPa), ab-
solute instability did not appear to develop in the model
simulation (Fig. 6d; recall footnote 1). Indeed, such su-
peradiabatic layers are removed by the model parame-
terization (Grell et al. 1994, 44). As evidence of a re-
lationship between the forward tilt to the cold front and

the cloud bands discussed by Schultz et al. (1997), the
locations of the observed primary cloud band (cloud
band 1) and the prefrontal cloud band (cloud band 2)
were similar to the leading edge of strong cold advection
at the surface and 850 hPa, respectively (cf. Figs. 1c
and 6a,b). This relationship between the cloud bands
and the forward-tilting frontal structure will be dis-
cussed further in section 5. The 500-hPa trough and
baroclinicity moved eastward (Fig. 6c) such that the
most equatorward extent of the 500-hPa cold advection
was 100 km poleward of the 850-hPa cold advection
(Fig. 6b) and 250 km equatorward of the surface cold
advection (see also Fig. 6d). In fact, the 850-hPa po-
tential-temperature pattern was, in many ways, more
similar to the 500-hPa potential-temperature pattern
than the surface potential-temperature pattern, indicat-
ing that the baroclinicity at 850 hPa may have been
vertically continuous with the mid- to upper-tropospher-
ic baroclinic zone (cf. Figs. 6b,c). This hypothesis is
explored further in section 4.

At 21 h, the front continued to be tilted forward on
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FIG. 5. Cross section AB (location shown in Figs. 3a,c) at 15 h (1500 UTC 12 March 1993):
potential temperature (thin solid lines every 1 K), relative humidity (%, shaded according to
scale), potential temperature advection [every 1.5 K h21; negative (positive and zero) values
dashed (solid) represent cold (warm) advection], and winds (one pennant, full barb, and half-
barb denote 25, 5, 2.5 m s21, respectively; every 19 km). White arrow indicates surface location
of cold front.

both the large and small scales as shown in cross section
EJ (Fig. 7; the location of which is shown in Fig. 6a).
The prefrontal surface northerlies extended about 200
km ahead of the leading edge of the surface cold ad-
vection. It may be that the mixing down of air with
higher northerly momentum from aloft in the region of
the small-scale forward tilt is enhanced in this case be-
cause of its arrival into Mexico during the late afternoon,
a time when mixing in the planetary boundary layer
would be more vigorous. A similar process was dis-
cussed by Steenburgh and Mass (1994, 2753).

By 24 h (0000 UTC 13 March 1993; Fig. 8), the
leading edge of the surface baroclinicity, preceded by
surface northerlies and the prefrontal trough, was lo-
cated just poleward of the Isthmus of Tehuantepec (Fig.
8a). The prefrontal onshore surface northerlies helped
push the sea-breeze front inland along the north coast
of the Isthmus of Tehuantepec (Figs. 8a,d). At 850 hPa,
the potential temperature gradient along the leading
edge had weakened (Fig. 8b), whereas at 500 hPa, the
region of strongest cold advection had moved into the
west-central Gulf of Mexico (Fig. 8c). The structure of
the front is illustrated in cross section GH (Fig. 8d).
Amplification of mountain waves over the isthmus oc-
curred, disrupting the frontal structure at 700–900 hPa
(Fig. 8d). Nevertheless, the leading edge of the cold
advection tended to tilt rearward with height, returning
to a more classical cold-frontal structure (supported by
trajectories, presented in section 4).

To validate the simulated structure of the cold front
and to illustrate the surface weather patterns associated
with the passage of a forward-tilting front, observed
and simulated time series at VER are presented in Fig.
9. The observed time series show a minimum in altim-
eter setting (i.e., a pressure check) indicating the passage
of a pressure trough associated with cloud band 2 at
1845 UTC and an inflection in altimeter setting (su-
perimposed upon a larger-scale pressure rise) indicating
the passage of a pressure trough associated with cloud
band 1 at 2130 UTC (Fig. 9a; Schultz et al. 1997, 22).
The model-generated time series of sea level pressure
at VER (Fig. 9a) exhibits a minimum at 19 h that rep-
resented the arrival of the prefrontal trough associated
with the cloud band 2. Also associated with the passage
of this trough in the model were decreasing 850-hPa
temperature and increasing 850-hPa wind speed (Figs.
9b,c), providing additional evidence that the passage of
cloud band 2 was followed by the onset of 850-hPa cold
advection. The model-generated time series at VER ex-
hibits the passage of a second feature after 22 h when
the sea level pressure began to rise at an increased rate
exceeding 1 hPa h21, the surface temperature began to
decrease sharply, and the surface wind speed increased
to 10–15 m s21 (Figs. 9a–c). These weather features
represent the arrival at VER of the leading edge of the
surface cold front (and cloud band 1) in the model.
Except for a 1–2 hPa error in the pressure trough as-
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FIG. 6. As in Fig. 3 except for 18 h (1800 UTC 12 March 1993), location of cross section EF in (d) shown by thick solid line labeled EF
in (a) and (c), and winds every 20 km in (d). Thick dashed line in (b) represents leading edge of strong 850-hPa cold advection.

sociated with the passage of cloud band 1 and a near-
constant displacement between the observed altimeter
and model pressure traces, the observed and modeled
pressure traces between 1500 UTC 12 March and 0200
UTC 13 March (15 and 26 h) were broadly similar (Fig.
9a). The surface temperature and wind evolutions also
seem to be well simulated, but the intensity of the peak
temperatures and winds were underforecast (Figs. 9b,c).

Whereas the model-generated VER time series (Fig.
9) suggest that the previously discussed weather features
associated with the passage of cloud bands 1 and 2 were
reasonably simulated, the model-generated cloud-water
fields (not shown) do not indicate the formation of these
multiple cloud bands. As will be seen in section 5, how-
ever, regions of mesoscale ascent do occur in the sim-
ulation in nearly the correct locations as the expected
cloud bands. Consequently, the appearance of these re-
gions of ascent indicates that the dynamics to generate
the cloud bands were present in the model.

4. Trajectory analysis

Results from the previous section indicate that the
mesoscale-model simulation was able to develop the
forward tilt to the cold front suggested by the obser-
vations. Also, this forward tilt appeared to be composed
of a large-scale component (greater than 200 km over
a depth from the surface to 700 hPa) and a small-scale
component (around 100 km over a depth from the sur-
face to 850 hPa). Evidence indicates that the forward-
tilting cold-frontal structure resulted from the interac-
tion of the mid- to upper-tropospheric baroclinic zone
and the surface cold front. In this section three-dimen-
sional air-parcel trajectories are computed to determine
the source of the air at different levels in the cold-frontal
structure, thereby confirming that the forward tilt was
due to the frontal interaction. Trajectories, describing
the airflow at 12 h, before the forward-tilting structure
developed, and at 21 h, after the forward-tilting structure
developed, demonstrate how the airflow changed over
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FIG. 7. As in Fig. 5 except at 21 h (2100 UTC 12 March 1993) and for cross section EJ (location
shown in Figs. 6a,c); winds every 20 km in (d). Dots represent the ending locations of trajectories
at 21 h in Fig. 11 (labeled every other dot).

time to create the forward-tilting structure. The trajec-
tories were calculated from 60-min model-output files
with a 15-min time step, using the approach described
by Seaman (1987). The ending points at 12 and 21 h
for the 9-h backward trajectories are displayed on cross
sections (Figs. 3d and 7, respectively), nearly perpen-
dicular to the surface cold front.

Nine-hour trajectories beginning at 3 h (0300 UTC
12 March 1993) and ending on s 5 0.995 (approxi-
mately 40 m above ground level) at 12 h (1200 UTC
12 March 1993) (Fig. 10a; trajectory ending locations
are shown in Fig. 3d) show two airstreams: those pole-
ward of the surface cold front moving southwestward
(trajectories A1–A11) and those equatorward of the
front moving northwestward (trajectories A14–A23).
Trajectories A12–A13 started in the prefrontal air and
were ingested into the postfrontal air in a manner similar
to that described by Schultz and Mass (1993, 929). Tra-
jectories ending on s 5 0.885 (approximately 850–914
hPa; note that trajectories labeled Ann and Bnn end at
the same horizontal position) (Fig. 10b) show that the
boundary between the two airstreams occurred between
trajectories B11 and B13, with trajectory B12 having
been ingested into the frontal zone, consistent with the
cross section at this time (Fig. 3d). Therefore, at 12 h,
trajectories in the lower troposphere indicate that the
airstream boundary composing the front, consistent with
the thermal structure from the cross section (Fig. 3d),
tilted rearward with height.

By 21 h (2100 UTC 12 March 1993), the frontal

interaction had occurred with the cold front developing
its large-scale and small-scale forward-tilting structure
(Fig. 7). For the 9-h trajectories beginning at 12 h and
ending on s 5 0.995 at 21 h (trajectory ending locations
are shown in Fig. 7), trajectories C1–C8 originated and
remained within the baroclinicity associated with the
cold front (Fig. 11a). Trajectory C9 (see also Table 1)
originated in the warm poleward flow ahead of the cold
front, but between 17 and 18 h reached its most pole-
ward position. After 18 h and the passage of the pre-
frontal trough, trajectory C9 turned equatorward, em-
bedded in the prefrontal northerlies near the surface.
After 19 h, the potential temperature of trajectory C9
began to drop (Table 1), indicating ingestion by the
frontal zone. In contrast, trajectories C10–C13 appeared
to reach their most poleward position around 19 h before
turning and heading equatorward (Fig. 11a) without ex-
periencing a decrease in potential temperature (not
shown), indicating that trajectories C10–C13 were not
ingested by the surface cold front (see also Fig. 7, where
trajectories C10–C13 are found ahead of the surface
position of the front). Therefore, the onset of equator-
ward motion of trajectories C9–C13 illustrated the pas-
sage of the prefrontal trough. Trajectories C14–C17 re-
mained equatorward of the prefrontal trough.

Further aloft, 9-h trajectories D1–D17 ending on s
5 0.885 at 21 h are displayed in Fig. 11b (trajectory
ending locations are shown in Fig. 7). Trajectories D1–
D9 traveled within the baroclinicity behind the equa-
torward-moving cold front over southern Texas, as at
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FIG. 8. As in Fig. 3 except at 24 h (0000 UTC 13 March 1993) and (d) cross section GH [location shown in (a) and (c)] and winds every
20 km.

12 h, whereas trajectories D14–D17 were found in the
warm air equatorward of the front. Trajectories D10 and
D11, however, both originated from the west in the bar-
oclinicity associated with the mid- to upper-tropospheric
baroclinic zone. The approximate positions of these two
trajectories at 12 h are shown in Fig. 4. These two
trajectories descended down the east side of the Sierra
Madre and ended up in the forward-tilting portion of
the cold front (Fig. 7). For example, trajectory D11
descended from 747 hPa to 901 hPa in 3 h (an average
vertical velocity of 14 mb s21). In contrast, trajectory
D12, farther equatorward and not in the midtropospheric
baroclinicity, underwent comparatively less descent (17
hPa compared to 154 hPa) over the same 3-h period.
These descending trajectories help confirm that the for-
ward-tilting front was formed by the interaction of the
baroclinicity associated with the mid- to upper-tropo-
spheric baroclinic zone arriving across the Sierra Madre
and the surface cold front.

5. Frontogenesis analysis

To examine the strengthening and maintenance of the
small-scale forward-tilting cold-frontal structure, we
calculate frontogenesis, F. Originally defined by Pet-
terssen (1936) for surface fronts, frontogenesis is the
Lagrangian rate of change of the magnitude of the hor-
izontal potential temperature (u) gradient due to the hor-
izontal wind. Miller (1948) extended Petterssen’s defi-
nition to fronts in the free atmosphere by using the three-
dimensional gradient of the potential temperature due
the three-dimensional wind. For this paper, we simplify
Miller’s form of F by calculating the frontogenesis of
the horizontal potential temperature gradient due to the
three-dimensional wind:

d
F 5 |= u |, (1)pdt

where
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FIG. 9. Time series at Veracruz, Mexico (VER). Arrows labeled
1 and 2 indicate passage of cloud bands 1 and 2, respectively, in
the observations (bottom) and model (top). (a) Observed altimeter
setting (hPa; dots) and simulated sea level pressure (hPa; squares);
(b) observed surface air temperature (8C; dots), simulated air tem-
perature (8C; squares) at the lowest half-s level (s 5 0.995;
approximately 40 m above ground level), and simulated 850-hPa
temperature (8C; circles); (c) observed surface wind speed (m s21;
dots), simulated wind speed (m s21; squares) at the lowest half-
s level (s 5 0.995; approximately 40 m above ground level),
and simulated 850-hPa wind speed (m s21; circles).

d ] ] ] ]
5 1 u 1 y 1 v ,

dt ]t ]x ]y ]pp p

] ]
= 5 i 1 j ,p ]x ]yp p

and V 5 (u, y , v) is the total velocity. The subscript p
indicates differentiation on an isobaric surface and here-
after will be implicit. Equation (1) can be written

 1 ]u ]u ]u ]u ]u ]u ]y ]u ]y ]u ]u ]v ]u ]v ]u F 5 2 1 1 1 1 11 2 1 2 1 2|=u | ]x ]x ]x ]y ]y ]y ]x ]x ]y ]y ]p ]x ]x ]y ]y  , (2)| | | | | |}}}}}}}}} }}}}}}}}} ]}}}}}}}}}z z z 
1 2 3 

where terms 1 and 2 represent frontogenesis due to hor-
izontal deformation/divergence and term 3 represents
frontogenesis due to tilting of isentropes by horizontal
gradients in vertical motion.

The sum of the horizontal frontogenesis terms 1 and
2 in (2), F112, also can be expressed in the form de-
veloped by Petterssen (1936):

1
F 5 |=u |(E cos2b 2 = · V ), (3)112 H2

where E is the resultant deformation, b is the local angle
between an isentrope and the axis of dilatation, and VH

5 (u, y) is the horizontal velocity. Note that F112 con-
sists of two terms; the first term is proportional to the
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FIG. 10. Nine-hour backward trajectories beginning at 3 h (0300 UTC 12 March 1993) and ending
at 12 h (1200 UTC 12 March 1993). Tick marks along trajectory every 3 h. Light (heavy) shading
represents topography exceeding 1000 (1500) m in elevation. Surface frontal symbols conventional.
(a) Trajectories ending at s 5 0.995; temperature on s 5 0.995 (dashed lines every 18C). Large
L indicates position of surface cyclone center. (b) Trajectories ending on s 5 0.885; temperature
at s 5 0.885 (dashed lines every 18C).

resultant deformation and the second term is propor-
tional to the horizontal divergence.

As illustrated previously, the formation of the large-
scale forward-tilting structure was initiated by the in-
teraction of the surface cold front with the mid- to upper-
tropospheric baroclinic zone. In this section, the tilting
frontogenesis demonstrates how enhancements of the
midtropospheric horizontal potential temperature gra-
dient can occur in association with the lower- to mid-
tropospheric ascent along the leading edge of the surface
front in order to support the small-scale forward-tilted
structure.

At 12 h (Fig. 12a; the location of cross section AB
is found in Fig. 3a), much of the cold-frontal region
near the surface was associated with deformation/di-
vergence frontogenesis (thick solid lines). Tilting (me-
dium solid lines) contributed to frontogenesis at the
leading edge of the front from 950 to 550 hPa, along
the equatorward side of the ascent maximum (shaded;
presumably associated, in part, with a thermally direct
secondary circulation). By 15 h (Fig. 12b), the defor-
mation/divergence frontogenesis along the surface cold
front reached its maximum magnitude. Also, the cross-
frontal scales of the ascent at the leading edge of the
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FIG. 11. As in Fig. 10 except beginning at 12 h (1200 UTC 12 March 1993) and ending at 21 h
(2100 UTC 12 March 1993).

TABLE 1. Meteorological variables along trajectory C9 (path of
trajectory shown in Fig. 11a). Here p is pressure, qy is water vapor
mixing ratio, RH is relative humidity, u is potential temperature, and
ue is equivalent potential temperature.

Hour
(h)

p
(hPa)

qy

(g kg21)
RH
(%)

u
(K)

ue

(K)

12
13
14
15
16
17

994
995
995
996
996
996

15.6
15.5
15.5
15.3
15.5
15.1

93.6
94.3
92.1
87.5
87.9
83.4

295.1
294.9
295.2
295.8
295.9
296.3

336.8
336.5
336.8
336.9
337.5
336.9

Passage of prefrontal trough
18
19

996
996

13.9
13.5

73.2
69.8

297.1
297.3

334.6
333.8

Ingestion by frontal zone
20
21

996
996

13.2
13.5

71.3
77.1

296.7
295.8

332.3
332.1

front and, correspondingly, the regions of tilting front-
ogenesis have contracted. The arrival of the mid- to
upper-tropospheric baroclinic zone into the plane of the
cross section is indicated by weak prefrontal ascent and
tilting frontogenesis at 850–550 hPa near the leading

edge of the cold advection (Fig. 12b). Also, the depth
of the circulation associated with cloud band 1 de-
creased. These changes to the cold-frontal structure re-
sult in the regions of strongest horizontal potential tem-
perature gradient (i.e., strongly sloping isentropes when
viewed in cross section) collocated with the regions of
ascent above the surface cold front and along the mid-
to upper-tropospheric baroclinic zone, thereby indicat-
ing the importance of the tilting frontogenesis to main-
taining and enhancing the small-scale forward tilt of the
cold front. At 18 h (Fig. 12c; note the change in hori-
zontal scale from Figs. 12a,b; the location of cross sec-
tion EF is shown in Fig. 6a), the front became tilted
forward even farther on the small scale. Two regions of
ascent were apparent: one near the leading edge of the
surface front (presumably associated with cloud band
1) and one at 850–750 hPa (presumably associated with
cloud band 2). The tilting frontogenesis, likewise,
evolved from a single large maximum to two regions
at the leading edges of the ascent regions. Note that
descent over ascent near the surface frontal position
implies 850–900-hPa horizontal divergence. Diver-
gence results in frontolysis [the second term on the right-
hand side of (3)] in this area (not shown), weakening
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FIG. 12. Potential temperature (thin solid lines every 1 K),
tilting frontogenesis [medium solid lines; contours at 3, 6, 9, 18,
27, and 36 K (100 km 3 h)21], horizontal deformation/divergence
frontogenesis [thick solid lines; contours at 3, 6, 9, 18, 27, and
36 K (100 km 3 h)21], and omega [0.1 hPa s21; contoured and
shaded according to scale at bottom of figure; positive (negative)
values solid (dashed) and down (up) arrows represent descent
(ascent)]. Here C (W) represents regions of cold (warm) advection
separated by dashed–dotted line, representing the line of zero
potential temperature advection. White arrow indicates surface
location of cold front. (a) Cross section AB (location shown in
Figs. 3a,c) at 12 h (1200 UTC 12 March 1993); (b) cross section
AB (location shown in Figs. 3a,c) at 15 h (1500 UTC 12 March
1993); (c) cross section EF (location shown in Figs. 6a,c) at 18
h (1800 UTC 12 March 1993).

the horizontal potential temperature gradient, and the
secondary circulation and forcing for ascent for cloud
band 1. This weakening of the horizontal potential tem-
perature gradient and dissipation of cloud band 1 led to
the dominance of cloud band 2, in agreement with the
observations (Fig. 1c).

6. Discussion

In this paper, a mesoscale-model simulation of a for-
ward-tilting cold front in eastern Mexico associated with
Superstorm 1993 (SS93) on 12–14 March was exam-
ined. This forward-tilting structure comprised two com-
ponents of differing scale. The large-scale forward tilt
formed as an eastward-moving mid- to upper-tropo-
spheric baroclinic zone, extending from the tropopause
into the midtroposphere, descended in the lee of the
Sierra Madre and interacted with a surface-based cold
front arriving from Texas. Embedded within the large-
scale forward tilt, a region of stronger horizontal po-
tential temperature gradient was found on smaller scales,
maintained by tilting frontogenesis associated with as-
cent at the leading edge of the surface cold front. Two

cloud bands were also observed with this case. The
primary cloud band was likely caused by ascent along
the leading edge of the surface cold front. Another re-
gion of ascent formed along the leading edge of cold
advection in the midtroposphere, likely causing the ob-
served prefrontal cloud band. Eventually, the primary
cloud band dissipated, a result of frontolytical diver-
gence associated with the lower-tropospheric subsidence
behind the prefrontal cloud band.

The forward-tilting cold-frontal structure in the pre-
sent case is unusual, but not unique; similar structures
have been reported previously in the literature (e.g.,
section 1). Similar structures, however, do not neces-
sarily imply similar evolutions or dynamics. Therefore,
the results from the SS93 case are compared to other
forward-tilting cold fronts in section 6a, then placed in
a general context for frontal interaction in section 6b.

a. Relationship to other forward-tilting cold fronts

The formation of the forward-tilting cold-frontal
structure in the SS93 case by the interaction of a surface
cold front and a mid- to upper-tropospheric baroclinic
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zone may be similar to a case over the continental United
States on 12–14 December 1987 (Schultz and Mass
1993, Fig. 9). In that case, a mid- to upper-tropospheric
baroclinic zone interacted with a surface cold front to
form a structure that was forward tilting by approxi-
mately 200 km from the surface to 800–700 hPa. An-
other forward-tilting cold-frontal structure was analyzed
by Kuo and Reed (1988, Fig. 10a) for the eastern North
Pacific cyclone of 13–14 November 1981. While ap-
pearing similar to the SS93 and Schultz and Mass (1993)
cases with a nose at about 800 hPa, the direct role of
the topography of western North America on the land-
falling frontal structure of Kuo and Reed (1988) cannot
be discounted entirely. [The forward tilt could occur,
for example, in the manner discussed by Smith (1982).]

In contrast, the forward-tilting fronts in Shapiro
(1984) and Colle and Mass (1995, Fig. 17) appear to
be affected by friction, as the nose occurs only a few
hundred meters above the earth’s surface. Also, there
does not appear to be a mid- to upper-tropospheric bar-
oclinic zone involved, and so these cases are not likely
to be directly comparable to the SS93 case. For a case
of a forward-tilting cold front over the eastern United
States, Bedard and Sanders (1978) claimed that the cold
front moved faster over a prefrontal inversion than near
the surface. This explanation also has been offered for
Hardy et al.’s (1973) case of a forward-tilting front (R.
Reed 1989, personal communication). Forsdyke (1949,
40) argued that subsidence (and concomitant adiabatic
warming) in the cold air and diabatic surface processes
acting on midlatitude cold fronts entering the Tropics
weaken and slow the equatorward advance of the front
at the surface compared to that aloft. Although surface
friction, elevated inversions, and diabatic processes
were present in the SS93 case, the trajectory and front-
ogenesis diagnostics used in this study help to affirm
that these processes do not appear to play a primary
role in the formation of the forward tilt to the cold-
frontal structure in the SS93 case. Indeed, an adiabatic
simulation of the SS93 cold front (not shown) also pro-
duced a forward-tilting front with a structure and evo-
lution comparable to that in the present simulation, in-
dicating that the contribution of diabatic processes to
the structure and evolution of this forward-tilting cold
front were of secondary importance. Whereas cold
fronts can evolve toward a forward-tilting state in a
variety of ways, this paper describes only one way in
which this can happen (through the interaction of mid-
to upper-tropospheric and lower-level baroclinic zones).
Evidence for alternative mechanisms that produce for-
ward-tilting fronts has not been as forthcoming in the
literature.

b. A general context for frontal interaction

Research in the literature describing the interaction
between upper-level and lower-level baroclinic zones is
not abundant (Keyser 1986, 253). The studies that do

exist tend to focus on frontal interaction in the lee of
the Rocky Mountains, where lower-level frontal struc-
tures in land-falling cyclones from the Pacific Ocean
are stripped away by the Rockies. Consequently, inter-
action occurs between the remaining upper-level fea-
tures and whatever frontal structures occur in the Central
Plains. In this section, we explore how the SS93 case
compares and contrasts to such previously discussed
frontal interactions.

The mid- to upper-tropospheric baroclinic zone orig-
inating over the Sierra Madre in the SS93 case appears
to resemble what has been termed a cold front aloft
(e.g., Hobbs et al. 1990; Martin et al. 1990), where a
mid- to upper-tropospheric baroclinic zone, associated
with cold advection and frontogenesis (the cold front
aloft), moves over the Rocky Mountains in association
with a 500-hPa trough. Hobbs et al. (1990, 615) suggest
that quasigeostrophic ascent associated with the cold
front aloft in a region of potential instability downstream
of the 500-hPa trough and in advance (equatorward) of
a surface cold front [see, e.g., Hobbs et al. (1990, their
Fig. 16)] can lead to deep moist convection and severe
weather [analogous to the vertically coupled jet-front
system of Shapiro (1982, Fig. 23)]. In SS93, the mid-
to upper-tropospheric baroclinic zone arrived in eastern
Mexico with the passage of the surface cold front un-
derneath, a situation unlikely to spawn deep moist con-
vection because the stable lower troposphere and large-
scale subsidence in the midtroposphere in advance of
the front at the surface (e.g., Fig. 6d) would have in-
hibited strong upward vertical motion. As a result, only
the modest cloud bands 1 and 2 occurred [analogous to
the vertically uncoupled jet-front system of Shapiro
(1982, Fig. 22)], rather than deep moist convection. This
evolution may explain the relative lack of precipitation
in eastern Mexico associated with the passage of this
cold front (Schultz et al. 1997, Figs. 11b–d and 18) when
compared to other Mexican cold-frontal cases (T. Bals-
Elsholz 1997, personal communication). Therefore, dif-
ferent frontal structures and circulations may result, de-
pending on the timing of the surface and mid- to upper-
level baroclinic zones.

One may also envision scenarios where either the
surface or the mid- to upper-level baroclinic zone is
absent or interaction does not occur. For example, Nei-
man et al. (1998) analyze a case in which a mid- to
upper-tropospheric baroclinic zone (what they term ‘‘the
Pacific front’’) arrived over the United States Central
Plains, but there was no surface frontal structure (only
a near-surface inversion) with which the mid- to upper-
tropospheric baroclinic zone could interact. Elevated
convection resulted in a squall line over the southeastern
United States along the leading edge of the baroclinic
zone aloft. Alternatively, the surface cold front could
occur without an interaction with a mid- to upper-tro-
pospheric baroclinic zone; this scenario has been dis-
cussed by, for example, Colle and Mass (1995, Fig. 17).

Keyser (1986, 253) advocated further research on the



JUNE 1999 1123S C H U L T Z A N D S T E E N B U R G H

interaction between surface and mid- to upper-tropo-
spheric baroclinic zones and this investigation repre-
sents a contribution to that effort. We envision a spec-
trum of possible interactions between surface frontal
features and mobile mid- to upper-tropospheric baro-
clinic zones, ranging from a mid- to upper-tropospheric
baroclinic zone with no surface front (Neiman et al.
1998) to a surface front with no baroclinic zone aloft
(Colle and Mass 1995). In between, the possibility exists
for interactions between upper- and lower-level phe-
nomena (e.g., cold fronts aloft, the SS93 cold front) in
different environments, which may inhibit or favor deep
moist convection and coupling between upper- and low-
er-tropospheric circulations (e.g., Shapiro 1982, Figs.
22–23). In these instances, the mountains initially main-
tain the separation between the surface frontal features
in the Central Plains and eastern Mexico and the east-
ward-moving mid- to upper-tropospheric baroclinic
zone until interaction. Therefore, depending on the prior
weather systems over the Central Plains and eastern
Mexico, a variety of structural evolutions and weather
patterns can result when mid- to upper-tropospheric bar-
oclinic zones arrive from the west over the Rocky
Mountains and the Sierra Madre.
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