WARM OCCLUSIONS,
COLD OCCLUSIONS, AND
FORWARD-TILTING COLD FRONTS
BY MARK T. STOELINGA, JOHN D. LOCATELLI, AND PETER V. HOBBS

A relationship between the slope of a front and the static stability contrast across the front
provides new insights into warm and cold occlusions and forward-tilting cold fronts.

ver the past decade or so, the classical occlusion
hypothesis (Bjerknes and Solberg 1922) has had
a significant revival due to its validation by
modern mesoscale meteorological research. This revival followed a period of decline that culminated
around 1990 with near-complete rejection of the idea.
Bjerkens and Solberg originally described a process
by which, during the middle to late part of the life
cycle of a midlatitude frontal cyclone, the cold front
catches up to the warm front and occludes with it,
leaving an occluded front as the interface between the
two cold air masses that were earlier ahead of the
warm front and behind the cold front, and detaching
the warm sector air from the surface. This process is
part of what is now known as the Norwegian model
for the life cycle of extratropical cyclones.
In the latter half of the twentieth century, several
key research papers and textbooks (e.g., Palmen 1951;
Wallace and Hobbs 1977; Hoskins and West 1979;
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Shapiro and Keyser 1990) essentially stated that the
classical frontal "catch up" process does not occur.
However, this view started to change beginning with
the study of Schultz and Mass (1993), who reviewed the
history of observations, theory, and conceptual models
of frontal occlusions, and examined a mesoscale model
simulation of a warm occlusion over land. They found
that, at least for one well-documented case, the cold
front caught up to the warm front and forced the warmsector air aloft. Since then, a number of other occlusion studies based on observational analyses (Market
and Moore 1998), mesoscale model simulations (Reed
et al. 1994; Shapiro and Grell 1994; Martin 1998), and
idealized baroclinic wave simulations (Thompson 1995)
have stated unequivocally that frontal catch-up and
the classical occlusion process do occur in many cases.
In view of the resurrection of the classical occlusion concept, it is appropriate to revisit some aspects
of this conceptual model in light of current knowledge of the general characteristics of fronts that have
been revealed by high-resolution mesoscale model
simulations of frontal cyclones. One such aspect is the
idea, first put forward by Bjerknes and Solberg (1922),
that occlusions form as one of two types, either warm
or cold occlusions; and the type of occlusion that
1
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As noted by Schultz and Mass (1993), warm/cold occlusions
have also been referred to in the literature as warm-front/coldfront occlusions, warm-type/cold-type occlusions, and warmfront-type/cold-front-type occlusions.
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forms depends on the relative thermal properties of
the cold air masses behind the cold front and ahead
of the warm front. Here we will show that, if a reasonable assumption is made that occluded fronts
represent first-order discontinuities in potential
temperature, new definitions of warm and cold occlusions emerge that differ in an important way from
the classical (and currently accepted) definitions.
Furthermore, the principle that leads to our modified
definitions of occluded fronts is more generally applicable to forward-tilting cold fronts (Schultz and
Steenburgh 1999), including cold fronts aloft in the
central United States (Hobbs et al. 1990, 1996).
It should be emphasized that the new definitions
of warm and cold occlusions suggested here are based
only on principles of first-order discontinuities applied to the instantaneous potential temperature distribution in the vicinity of an occluded front, rather
than on an underlying dynamical process or mechanism. However, these new definitions have significant
implications for the dynamical processes of formation
of warm occlusions, cold occlusions, and forwardtitling cold fronts.

views show the surface frontal structure that is commonly analyzed for warm and cold occlusions. The
vertical cross sections illustrate the assumption that
underpins the classical idea for warm and cold occlusions, namely, that the colder air mass undercuts the
less cold air mass when they occlude, so that a warmoccluded front slopes forward with height and a coldoccluded front slopes backward with height. This assumption is embodied in the definitions of warm and
cold occlusions found in the original Glossary of Meteorology (Huschke 1959, p. 401):
• "A cold occlusion results when the coldest air is behind the cold front. The cold front undercuts the
warm front
• "When the coldest air lies ahead of the warm front,
a warm occlusion is formed in which the original
cold front is forced aloft at the warm-front surface."

Nearly identical definitions are found in most synoptic and mesoscale meteorology textbooks written in
the last 60 years, from Petterssen (1940) through
Bluestein (1993), and the above definition has been
retained verbatim in the recently updated Glossary of
T H E CLASSICAL DEFINITIONS OF W A R M Meteorology (Glickman 2000, p. 539)
A N D C O L D OCCLUSIONS. Figure 1 depicts the
Frontal surfaces were once thought to be well apclassical view of warm and cold occlusions. The plan proximated as zero-order discontinuities in temperature (Petterssen 1940). Consequently, they were assumed to slope over colder air, as required by
considerations of static stability (i.e., "dense" air cannot lie above "light" air) (Bluestein 1993), and as required by Margules's (1906) frontal slope formula
(Eliassen 1996). Margules's formula relates the slope
of a zero-order front to the cross-front temperature
contrast and the cross-front change in the along-front
component of geostrophic wind:
2
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FIG. I . Typical schematics of w a r m and cold occlusions
found in meteorological textbooks. U p p e r panels show
plan view, with sea level pressure (solid contours), surface frontal positions (solid frontal symbols), and positions of i m p l i e d f r o n t s aloft ( o p e n f r o n t a l symbols).
L o w e r panels show f r o n t a l surfaces in v e r t i c a l cross
sections along t h e lines A - B and C - D indicated in the
u p p e r panels. D a r k e r shading r e p r e s e n t s r e l a t i v e l y
colder air masses.

710 I BAI15-

V

G 2~VG1,

g(T ~V

(i)

2

where the x axis is perpendicular to the front, and the
subscripts 1 and 2 refer to air on the left and right sides
of the frontal interface, respectively, if the viewer is
looking along the front toward the low pressure center. Also, (dz/dx) is the slope of the frontal surface,
front
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A zero-order discontinuity in temperature is a surface across
which temperature itself is discontinuous. A first-order discontinuity in temperature is a surface across which temperature
itself is continuous, but the gradient of temperature is
discontinuous.
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/ the Coriolis parameter, g the acceleration due to
gravity, T the mean temperature of the air on the two
sides of the frontal surface, v the alongfront geostrophic wind component, and T temperature. If a
front is assumed to slope over colder air [i.e., if
(dz/dx) and T - have opposite signs], and v v is taken as a proxy for geostrophic vorticity at the
front, then Margules's formula requires positive geostrophic vorticity at the front. The fact that positive
geostrophic vorticity is generally observed at fronts
led credence to Margules's formula and the representation of fronts as zero-order discontinuities. Therefore, occluded fronts were assumed to satisfy the rule
that the frontal surface must slope over the colder air,
as shown in Fig. 1. We will refer to this as the "temperature rule."
It is now well known that atmospheric fronts are
more accurately represented as first-order discontinuities in temperature (or potential temperature)
rather than zero-order discontinuities (e.g., Bluestein
1993). In the next section this fact is demonstrated for
occluded fronts in particular, based on two mesoscale
model simulations, and we briefly review several occluded fronts discussed in the literature for which an
apparent inconsistency was found between the type
of occlusion expected from airmass thermal properties and the type that actually formed.
G
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EXAMPLES OF O C C L U S I O N S . Our first ex
ample of an occlusion occurred within a weak cyclonic system that developed over central North
America in early December (Dec) 1995. The National
Weather Service (NWS) operational surface analysis
valid at 0000 UTC 3 Dec 1995 (Fig. 2a) shows an elongated low pressure system with an occluded front
extending from southwestern Ontario to eastern
Iowa. The occluded front formed as a Pacific cold
front traversing the Rocky Mountains caught up with
a warm front over the northern Great Plains. The
standard NWS objective analysis of heights and temperature at 700 hPa, also valid at 0000 UTC 3 Dec
1995, is shown in Fig. 2b. A more detailed subjective
temperature and frontal analysis at 700 hPa is overlaid, which shows a frontal structure similar to that
at the surface, with the cold and warm fronts tilting
over the cold air, and the occluded front showing the
forward tilt of a warm occlusion.
Selected model output was obtained for this case
from the 1200 UTC 2 Dec 1995 forecast of the operational Mesoscale Analysis and Prediction System
(MAPS) model that was being used at the time by the
National Oceanic and Atmospheric Administrations's
Forecast Systems Laboratory. The MAPS model
AMERICAN METEOROLOGICAL SOCIETY

(Bleck and Benjamin 1993), which was a predecessor
to the Rapid Update Cycle model currently run by the
NWS, uses a hybrid isentropic-sigma coordinate system. For the case shown here, the model was run on
a domain with 40-km grid spacing, covering a region
with boundaries -1000 km beyond those of the contiguous United States. The model's 12-h forecast of
sea level pressure (not shown) essentially duplicated
the actual sea level pressure and frontal features
shown in Fig. 2. A vertical cross section (Fig. 3) along
the line A-B in Fig. 2b shows the vertical structure of
the model-simulated occlusion at forecast hour 12
(0000 UTC 3 Dec 1995) with frontal boundaries subjectively inserted. The resemblance of these frontal
boundaries to the schematic for a warm occlusion
shown in Fig. 1 is evident. However, the potential
temperature distribution in Fig. 3 reveals that these
frontal boundaries are not zero-order discontinuities
in potential temperature, even in an approximate
sense. Rather, the fronts separate broad zones of
roughly uniform horizontal potential temperature
gradient and static stability, and are very nearly firstorder discontinuities.
Our second example of an occlusion is associated
with a stronger case of cyclogenesis that occurred over
the northeastern Pacific Ocean in October (Oct) 1996.
Results are shown from the 1200 UTC 16 Oct 1996
forecast of the Pennsylvania State UniversityNational Center for Atmospheric Research fifthgeneration Mesoscale Model (MM5; Dudhia 1993;
Grell et al. 1994), as implemented by the University
of Washington (UW) real-time mesoscale model forecasting system. At the time this storm occurred, the
UW real-time system used an outer domain with
36-km horizontal grid spacing and 32 vertical levels
(-40 hPa vertical grid spacing in the free troposphere). This domain covered much of the northwestern United States, southwestern Canada, and northeastern Pacific Ocean. A plot of surface features from
the 33-h model forecast (valid at 2100 UTC 17 Oct
1996) on the model's outer domain (Fig. 4) shows a
deep surface low pressure center off the southern tip
of the Queen Charlotte Islands, with an occluded front
extending from the low center to -400 km offshore
of the mouth of the Columbia River. Both a surface
cold front and surface warm front extend southsouthwestward from the triple point, with a very narrow warm sector between them. A secondary warmfrontal zone, which was likely enhanced by
topography, can be seen offshore of Washington State
and Vancouver Island. A cross section that cuts nearly
perpendicularly through the fronts south of the triple
point (Fig. 5b) shows classical warm and cold fronts
MAY 2002
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FIG. 2. Analysis of t h e occluded system in central N o r t h A m e r i c a n on 0000 U T C
3 Dec 1995. (a) N W S surface analysis of sea level pressure (solid contours,
interval of 4 hPa) and frontal positions. Occluded front was originally m a r k e d
as a " T R O F " by t h e N W S , but has been reanalyzed as an occluded front by
the present authors based on t h e t e m p e r a t u r e structure aloft. It was m a r k e d
as an occluded front by t h e N W S 12 h prior t o this t i m e , (b) N W S objective
analysis of 700-hPa heights (thin solid contours, interval of 30 d a m ) and t e m p e r a t u r e (thin dashed contours, 5°C interval). Also shown are m o r e detailed
700-hPa t e m p e r a t u r e contours (heavy solid contours, 2°C interval) and 700-hPa
frontal positions (heavy dashed lines), both prepared by t h e present authors.
For comparison w i t h surface features, t h e N W S - a n a l y z e d surface frontal features shown in (a) are repeated in (b).
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with an intervening narrow
warm sector, whereas a
cross section that cuts
through the fronts north of
the triple point (Fig. 5a)
shows a classical warm occlusion. In this example the
frontal zones are somewhat
narrower and stronger than
in the previous example,
but the occluded front is
still well approximated as a
first-order discontinuity in
potential temperature that
separates broad zones of
roughly uniform horizontal
potential temperature gradient and static stability,
rather than as a zero-order
discontinuity separating
thermally homogenous air
masses.
To assess the type of occlusion that is expected to
form in a particular cyclone
(according to the classical
definition), one must assess
which of the two occluding
air masses is colder. If, as
shown in the examples
above, the occluded front
separates broad zones of
roughly uniform horizontal
potential temperature gradient and static stability,
rather than regions of uniform potential temperature
itself, then a logical clarification of the question
"which air mass is colder?"
becomes the question
"which air is colder when
comparing the temperature
at a specified horizontal
distance ahead of the warm
or occluded front with the
temperature at the same
horizontal distance behind
the cold or occluded front?"
This is essentially equivalent to comparing the horizontal temperature (or
potential temperature) gra-
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dients within the two occluding air masses. Recent
studies (Schultz and Mass 1993; Reed et al. 1994) have
applied this more specific question in examining the
type of occlusion that develops in model-simulated
cyclones. However, in both studies the authors found
that the rule did not correctly predict the type of occlusion that was produced in the simulated storm. In
both cases, the authors stated that a warm occlusion
formed, whereas the horizontal temperature contrast
suggested that a cold occlusion should have formed.
In fact, Schultz and Mass reviewed 27 cases of observed and model-simulated occluded fronts discussed in the literature during the period 1935-92.
When they applied the temperature rule, they found
five cases in which the rule clearly did not work. In
all five of these cases, the temperature rule suggested
a cold occlusion but a warm occlusion was observed
(or produced by a mesoscale model). In view of this
discrepancy, we now examine what determines the
slope of an occluded front.
T H E SLOPE OF A N O C C L U D E D F R O N T .

The basic characteristics of the occluded fronts discussed in the previous section motivate a simplified
schematic cross section that cuts perpendicularly
through an occluded frontal surface (Fig. 6). The differential change of a quantity along a surface of firstorder discontinuity can be related to the horizontal
and vertical partial derivatives of that quantity on both
sides of the interface [see, e.g., the treatment of temperature gradients near a front in Palmen and Newton (1969)]. This can be done for potential temperature along the occluded front in Fig. 6, yielding the
following expression:

(—)

v d x Jfront

'de) _fde
dx Jj V dx Ji
dO'
(dd) '
dz Ji V dz J

(2)

t

where 6 is potential temperature. Occluded frontal
surfaces generally mark a maximum in potential temperature on a horizontal surface, so the numerator on
the right side of (2) is always positive, regardless of
whether the magnitude of the cross-front horizontal
gradient is greater in region 1 or region 2. Therefore,
the sign of the slope of the occluded front is determined only by the denominator on the right-hand
side of (2), that is, only by the static stability contrast
across the front, and not by the contrast in horizontal potential temperature gradient. This leads to a genAMERICAN METEOROLOGICAL SOCIETY

FIG. 3. Vertical cross section through a model simulation of the occluded system in central N o r t h America,
valid at 0000 U T C 3 Dec 1995. Model output was obtained f r o m the 12-h forecast of the operational M A P S
model (initialized at 1200 U T C 2 Dec 1995). Shown are
potential t e m p e r a t u r e (solid contours, 4-K interval),
regions with potential vorticity > I P V U (shading), and
frontal surfaces. T h e location of t h e cross section is
shown as line segment A - B in Fig. 2b.

eral rule that an occludedfront slopes over the statically
more stable air, not the colder air. We will refer to this
rule as the "static stability rule."
Frontal zones are generally thought of as regions
of both enhanced horizontal potential temperature
gradient and enhanced static stability (e.g., Bluestein
1993). Therefore, one might assume that the distinction between the temperature rule and static stability
rule is inconsequential. This is true, for example, in
Fig. 5a, in which both the horizontal and vertical gradients of potential temperature are greater within the
warm frontal zone (i.e., to the right of the occluded
frontal surface) than within the cold frontal zone (i.e.,
to the left of the occluded frontal surface). However, the
static stability behind a front is often poorly correlated
with the horizontal potential temperature gradient. For
example, in Fig. 3 the horizontal potential temperature
gradient is of nearly equal magnitude on the left and
right sides of the occluded frontal surface, but the static
stability is much greater on the right side than the left.
In some cases the temperature rule and the static
stability rule yield opposite results for the expected
slope of an occlusion. This may occur when boundary layer effects change the static stability in one of
the cold air masses more so than in the other, with
little effect on the horizontal potential temperature
gradients. A good example of such a case is the modelsimulated occlusion studied by Schultz and Mass
(1993). Figure 7 shows a magnified portion of the
vertical cross section depicted in Fig. 9d of their study.
The cross section is perpendicular to the warm ocMAY 2002
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FIG. 4. Surface depiction at 2100 U T C 17 O c t 1996 (33-h forecast) of
t h e model-simulated occluded system over t h e northeastern Pacific
Ocean. Shown are sea level pressure (thin solid contours, interval of
4 hPa), t e m p e r a t u r e ~40 m above t h e surface (heavy solid contours,
interval of I ° C ) , and surface frontal positions. Line segments A - B and
C - D show t h e locations of t h e cross sections in Figs. 5a, b, respectively.

eluded front in their simulation, and it is reanalyzed
here in terms of potential temperature (instead of the
temperature analysis used by Schultz and Mass).
Although the horizontal potential temperature gradient and static stability are not uniform on either side
of the occluded front, the horizontal and vertical partial derivatives of potential temperature in the general vicinity of the occluded front were examined in
terms of their mean values over the outlined regions,
in order to test the temperature rule and the static stability rule. The values of these mean gradients are
shown in the insets at the upper part of Fig. 7. The
horizontal gradient on the warm-frontal side of the
occluded front is significantly weaker than that on the
cold-frontal side, so that the temperature rule predicts
(incorrectly) a cold occlusion, as Schultz and Mass
(1993) stated. However, the static stability on the coldfrontal side, particularly in the well-mixed boundary
layer, is much weaker than that on the warm-frontal
side, so that the static stability rule predicts (correctly)
a warm occlusion.
All of the occlusion cases reviewed by Schultz and
Mass (1993) in the appendix to their paper, as well as
several more recent cases that have been studied since
Schultz and Mass (1993) was published, were reexamined by us in terms of the static stability rule. Table 1
714 I BAI15-

lists the nine cases we found for
which a proper comparison could be
made between the temperature rule
and the static stability rule. By
"proper," we mean that either cross
sections, soundings, or horizontal
analyses were shown from which
horizontal and vertical gradients of
temperature or potential temperature could be clearly ascertained
within the two cold air masses on either side of the occluded front. The
"temperature rule" column corresponds to the "temperature structure
favors" column in Shultz and Mass's
original table. All nine cases were
warm occlusions, and of those, the
temperature rule misidentified four
cases, whereas the static stability rule
correctly identified all nine.
In view of these results, we propose a modification to the definitions of warm and cold occlusions
given in the Glossary of Meteorology
(Glickman 2000) and current meteorology textbooks. Our definitions
are the following.

• A cold occlusion results when the statically more
stable air is behind the cold front. The cold front
undercuts the warm front.
• When the statically more stable air lies ahead of the
warm front, a warm occlusion is formed in which
the original cold front is forced aloft at the warmfront surface.
It should be noted that in this paper, we have addressed only one specific aspect of definitions of
warm and cold occlusions, namely, the thermal structure that determines whether the slope of the occlusion is consistent with the warm or cold type. Also
contained within each of these definitions is a very
brief (and likely oversimplified) description of the
process associated with the formation of the occlusion. While we do discuss these processes below, further research is required before any changes in the
process-oriented parts of the above definitions are
warranted.
OTHER APPLICATIONS. The static stability rule
can be applied more generally to various types of coldfrontal structures that have been discussed in the literature. If the warm-frontal zone in Fig. 6 is replaced
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Hobbs et al.
(1990, 1996) have described a characteristic type of frontal structure
that is often observed over the central United States, in which a Pacific
cold front that traverses the Rocky
Mountains evolves into a CFA after
it encounters a lee trough/dryline
east of the mountains. Cold fronts
aloft can generate extensive squall
lines well ahead of the surface
trough. In these situations the surface trough is often analyzed as a surface cold front by the NWS, leading
one to interpret the feature as a standard backward-tilting cold front,
with the (incorrect) implication that
the squall line ahead of the trough is
a warm-sector squall line unconnected to any frontal feature.
The static stability rule focuses
attention on the static stability contrast of the interacting air masses.
The air behind the Pacific cold front,
while often having a substantial horizontal potential temperature gradient, is usually characterized by a deep
mixed layer. This layer forms as a
Pacific cold front passes over the
Rocky Mountains, and the air behind
FIG. 5. Vertical cross sections at 2100 U T C 17 O c t 1996 (33-h forethe front, which is already somewhat
cast) through the model-simulated occluded system of 17 O c t 1996
destabilized by surface heat fluxes
along (a) line A - B and (b) line C - D in Fig. 4. Shown are equivalent
over the northeastern Pacific Ocean,
potential t e m p e r a t u r e (thin solid contours, interval of 2 K), potential
experiences enhanced boundary
t e m p e r a t u r e (heavy solid contours, i n t e r v a l of I K), and f r o n t a l
layer mixing due to the underlying
positions.
rough terrain and increased insolaby a more general prefrontal stable layer with an ar- tion in the generally cloud-free region over leeward
bitrary horizontal potential temperature gradient (as of the mountain crest. In contrast, the lower tropolong as the gradient is not in the same direction and
larger in magnitude than that behind the cold front),
the numerator in the frontal slope Eq. (2) will still be
positive, and the direction of the frontal slope will still
depend only on the static stability contrast between
the post cold-frontal air and the prefrontal stable air.
If the prefrontal air is more stable, then the boundary drawn as an occluded frontal surface in Fig. 6
might be analyzed more generally as a cold-frontal
surface with a forward slope. An occluded front would
be a special case of this more general scenario, in
which the prefrontal stable layer is a true warm front.
In the more general scenario, however, the static sta- FIG. 6. Schematic vertical cross section through an idebility rule has applicability to the phenomenon of for- alized occluded frontal surface, with potential temperaward-tilting cold fronts, which are discussed below. t u r e (solid contours) and frontal positions.
Cold fronts aloft (CFA).

AMERICAN METEOROLOGICAL SOCIETY
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FIG. 7. Vertical cross section, valid at 2100 U T C 15 Dec
1987, through the occluded front in the model-simulated cyclone studied by S c h u l t z and Mass ( 1 9 9 3 ) .
C o n t o u r e d field is potential t e m p e r a t u r e (interval of
I K), obtained by interpolating the contoured t e m p e r a ture field f r o m Schultz and Mass's Fig. 9d to a grid, conv e r t i n g t h e values t o p o t e n t i a l t e m p e r a t u r e , and
recontouring the gridded data. Gray-shaded regions are
the frontal zones analyzed by Schultz and Mass, with
implied frontal symbols added. Values of horizontal and
vertical partial derivatives of potential t e m p e r a t u r e
shown in the insets are mean values within the t w o regions enclosed by the dotted lines. These regions w e r e
chosen to roughly encompass the frontal zones on both
sides of the occluded frontal surface.

spheric air east of the lee trough is typically associated with a southerly return flow (Lanicci and Warner
1997) from a polar air mass that had previously moved
southward toward the Gulf of Mexico. Although such
air masses have enhanced moisture content and high
equivalent potential temperature, they are typically
capped by strong static stability. When the statically
less stable air behind the Pacific cold front converges
with the statically more stable air east of the lee
trough/dryline, the static stability rule requires that
the frontal boundary have a forward slope, at least up
to the height of the layer of enhanced static stability
east of the lee trough. The characteristics of these air
masses, and the nature of their interaction in the central United States, were explained by Danielsen
(1975a,b), who clearly understood the implications
of the static stability rule:
3

"When the main cyclone forms east of the Rocky
Mountains and the heating and momentum mixing
occurs in the cold air behind the cold front, the overrunning volume generates a negative sloping cold
front from the surface to the leading edge of the cold
advection aloft, as shown in Fig. 5b [Fig. 8 in the
716 I BAI15-

present paper]. At the surface the main contrast is
in moisture, so the surface front is often described
as a dryline. Low-level convergence and ascending
motions beneath the front often lead to a sudden
release of convective instability just behind the leading edge of the cold front aloft. In some, but certainly
not all, cases these cumulonimbus produce numerous tornados or tornado funnels aloft.
Our prejudice against analyzing negative sloping
cold fronts is due to the abstraction of a zero-order
discontinuity which requires that the front slope
over the colder air. With the more realistic first-order discontinuity theory, the front slopes over the
more stable air. Since, for the case we are considering, the overrunning air has been destabilized by surface heating and vertical mixing, a negative slope is
essential with cold advection."

Schultz and Steenburgh
(1999) reviewed several cases of forward-tilting cold
fronts that have been described in the literature, and
analyzed in detail a model simulation of a forwardtilting cold front that occurred in a northerly cold
surge event in eastern Mexico. Figure 9, which is
adapted from Fig. 6d of their paper, shows the potential temperature structure in a vertical cross section
perpendicular to the forward-tilting cold front. The
frontal boundary (based on the horizontal wind vectors, potential temperature contours, and cold advection plotted in Schultz and Steenburgh's original figure) has been added in our Fig. 9. The heavy dashed
lines separate regions of distinctly different static stability within the air masses on either side of the front.
Although in the boundary layer there is a much stronger horizontal potential temperature gradient in the
postfrontal air than in the prefrontal air, the juxtaposition of the neutrally or weakly stable postfrontal
boundary layer with the very stable prefrontal boundary layer is, according to the static stability rule, consistent with a forward-tilting cold front. However,
above the boundary layer, the juxtaposition of very
stable postfrontal air and only moderately stable prefrontal air is consistent with a backward-tilting cold
Other forward-tilting cold fronts.

3

The quote and accompanying diagram from Danielsen's work
were extracted from a manuscript entitled "A conceptual
theory of tornadogensis: Part I. Large-scale generation of severe storm potentials." To the authors' knowledge, this manuscript was never published in its entirety. Significant portions
of the manuscript were published in the two cited references
(Danielsen 1975a,b), but the particular figure and quote shown
here were not. A copy of the unpublished manuscript can be
obtained from the corresponding author of the present paper.
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TABLE 1. Occluded front studies for which the observed or simulated occlusion type was readily
discernible, and for which the occlusion type predicted by both the t e m p e r a t u r e rule and the
static stability rule could be clearly ascertained.
Type of occluded
Type of occluded

Type of occluded

front observed

front predicted by

by the static

or simulated

the t e m p e r a t u r e rule

stability rule

Bjerknes (1935)

Warm

Warm

Warm

Wexler (1935)

Warm

Cold

Warm

McClain and Danielsen (1955)

Warm

Cold

Warm

Lynott and Cramer (1966)

Warm

Warm

Warm

Andersen (1978)

Warm

Warm

Warm

Kuo and Reed (1988)

Warm

Cold

Warm

Mass and Schultz (1993)

Warm

Cold

Warm

Martin (1998)

Warm

Warm

Warm

Market and Moore (1998)

Warm

Warm

Warm

Study

front. A similar switch in frontal slope (forwardtilting within the boundary layer where the postfrontal air is less stable, changing to backward-tilting
above the boundary layer where the prefrontal air is
less stable) can be seen in the forward-tilting cold front
analyzed by Hardy et al. (1973), as well as two modelsimulated cases of forward-tilting cold fronts described
by Mass and Schultz (1993) and Colle and Mass (1995).

front predicted

and Mass (1993) were unable to find a single welldocumented case of a cold occlusion in their extensive literature review. If the causal implication of the
static stability rule is correct, then the predominance
of warm occlusions suggests that the air behind the
cold front is ubiquitously less stable than that ahead
of the warm front. This static stability contrast could
arise from several potential mechanisms, including
differential cloud cover and surface insolation (over

I M P L I C A T I O N S OF T H E S T A T I C STABILITY RULE. The static stability rule and the modi-

fied definitions of cold and warm occlusions suggested
here are based only on principles of first-order
discontinuities applied to the instantaneous potential
temperature distribution in the vicinity of an occluded
front. Therefore, we proceed with caution in discussing the possible causal implication of the static stability rule, namely, that the preocclusion static stability
contrast between the two cold air masses (i.e., the cold
air masses ahead of the warm front and behind the
cold front) is the key casual factor in determining the
type of occlusion that forms. One piece of evidence
that supports this causal implication is that idealized
primitive-equation model simulations of baroclinic
waves, which are typically initialized with horizontally
uniform static stability, tend to produce near-neutral
occlusions (e.g., Fig. 3 of Thompson 1995). In observed cyclones, however, warm occlusions seem to
predominate over cold or neutral occlusions. Schultz
AMERICAN METEOROLOGICAL SOCIETY

FIG. 8. Schematic cross section through a Pacific cold
front that has traversed the Rocky Mountains and has
occluded with a lower tropospheric stable air mass that
is typically present east of a lee trough/dryline. Thin
solid lines are potential t e m p e r a t u r e , and dashed lines
are surfaces of first-order discontinuity in potential t e m perature. Adapted f r o m an unpublished manuscript by
E. Danielsen (see text). 3
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FIG. 9. Vertical cross section, valid at 1800 U T C 12 M a r
1993, through t h e model-simulated forward-tilting cold
f r o n t studied by Schultz and Steenburgh ( 1 9 9 9 ) . T h e
potential t e m p e r a t u r e field (contours, interval of I K)
is duplicated f r o m Schultz and Steenburgh's Fig. 6d.
Cold frontal boundary is based on distributions of winds,
p o t e n t i a l t e m p e r a t u r e , and cold advection shown in
Schultz and Steenburgh's Fig. 6d. D o t t e d lines indicate
boundaries b e t w e e n regions of significantly different
static stability.

land), or differential sea surface heat fluxes (over
water). Both of these would seem to favor more destabilization of the air behind the cold front. Another
possibility is that cold frontal zones, by definition,
have a ground-relative motion toward the warm air,
thus allowing for boundary layer friction to slow the
near-surface advance of the cold air and tilt sloped
isentropic surfaces into the vertical, decreasing static
stability; whereas in warm frontal zones the opposite
is true, increasing static stability.
However, it is also possible that, rather than being a precondition of the two air masses prior to occlusion, the static stability contrast may develop simultaneously with the development of a warm
occlusion. In other words, perhaps the occlusion process can be thought of as a convergence of frontal
boundaries into what would otherwise be a neutral
(vertically oriented) occluded front, but which tilts
into a warm-type configuration due to the presence
of a background vertical shear of the horizontal wind
component perpendicular to the occluded front. In
this scenario, the shear tilts the occluded frontal surface forward, but also tilts the isentropes on the cold
frontal side more vertically and the isentropes on the
warm frontal side less vertically, creating the necessary static stability contrast for a warm occlusion as
it forms. Such vertical shear could arise in the lower
troposphere due to surface friction, but it could also
be present aloft as an occluded front rotates into a
718 I BAI15-

position perpendicular to the southwesterly upperlevel jet.
In the case of CFAs and other forward-tilting cold
fronts, it seems more plausible that a preexisting static
stability contrast (greater stability ahead of the front
than behind) could play a direct causal role in the
formation of the forward frontal tilt in the lower troposphere. In such situations (e.g., Figs. 8 and 9, and
other examples of forward-tilting cold fronts cited
above), the static stability in the lower troposphere on
both sides of the cold front is a preexisting property
of the air masses that clearly extends for several hundred kilometers on either side of the surface front,
rather than a local static stability contrast that might
result from the shear in the vicinity of the front.
Therefore, further research on the processes that lead
to the destabilization of the boundary layer behind
cold fronts, and/or processes that lead to stabilization
of the lower troposphere ahead of them, should lead
to a better understanding of why CFAs develop in the
central United States, and why forward-tilting cold
fronts develop in general.
While it may be valid to consider the causal implications of the static stability rule, it is difficult (if
not impossible) to try to elicit from the rule a dynamical mechanism for the formation of occlusions and
forward-tilting cold fronts, because the rule is no
more than a geometric truth that applies to a vertical cross section through a front at one instant in
time. In recent studies, there have been may differing interpretations of the process of formation of occlusions or forward-tilting cold fronts. Already discussed above is the idea that a warm occlusion may
form when cross-frontal shear causes an otherwise
neutral occlusion to tilt over. However, this idea differs from the classical occlusion hypothesis (Bjerknes
and Solberg 1922), in which one frontal surface rises
up and over the other frontal surface, rather than the
entire structure simply being sheared over. Using
model simulations of warm occlusions, Kuo et al.
(1992) and Martin (1998) confirmed the classical hypothesis by showing that trajectories originating from
immediately behind the cold front ascended over the
cold air ahead of the warm front. Similarly, in describing the formation of a CFA in the central United
States, Neiman et al. (1998) referred to the Gulf air
mass east of the lee trough/dryline as a "proxy ground
level" over which the Pacific cold front moves.
However, Market and Moore (1998) stated that the
cold front did not "ride up" the warm front in the
occlusion they studied. Furthermore, Schultz and
Mass (1993) and Schultz and Steenburgh (1999) attribute the formation of forward-tilted frontal
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structures (a warm occlusion in the former case and
a forward-tilted cold front in the latter) to the juxtaposition of separate surface and upper cold-frontal
baroclinic zones, with the upper zone extending
ahead of the surface zone. While the static stability
rule does not directly address which of these various
hypothesized processes for occlusions and forwardtilting cold fronts are generally more correct from a
fluid dynamics perspective, it does serve to focus
more attention on the likely importance of differential static stability in the formation of these frontal
structures. In so doing, it exposes a dearth in theoretical and idealized modeling work that examines
frontogenesis, frontal interaction, and the occlusion
process in an environment of horizontally nonuniform static stability.
A few studies have examined the effect of boundary layer processes on frontogenesis, either with mixing alone (Keyser and Anthes 1982) or with both surface heat fluxes and mixing (Koch et al. 1995;
Thompson and Williams 1997). In so doing, these
studies have indirectly addressed the issue of
nonuniformity of static stability because they tend to
produce some degree of static stability contrast across
the front. In both the Keyser and Anthes and the
Thompson and Williams studies, the differences in
static stability produced across the front were not
significant enough to develop the types of features
discussed here (i.e., sloped occluded fronts or forward-tilting cold fronts), because no specific effort
was made to produce differential heating across the
front for a substantial period of time. Such an effort
was made in the study of Koch et al. (1995), in which
surface heating behind a cold front was suppressed
due to an assumed cloud cover behind the front.
Although the static stability contrast produced in
their experiment (stronger lower tropospheric static
stability behind the cold front than ahead of it) is one
that occurs across many cold fronts, it is opposite to
the one that the present study suggests is important
for the formation of warm occlusions or forwardtilting cold fronts (i.e., weaker lower tropospheric
static stability behind the cold or occluded front than
ahead of it). Therefore, there is ample room for further research on the effect of horizontally nonuniform static stability on the structure and evolution
of cold and occluded fronts.
Important questions can be asked for which, as yet,
there are no definitive answers.

• Can the process of formation of a sloped occluded
front be captured by 2D dynamics, or does it require the fully 3D structure that is present in the
vicinity of a cyclone?
• Can a sloped occluded front or forward-tilting cold
front be simulated by balanced models such as
quasigeostrophy or semigeostrophy?
• Is there a general destabilization of post-cold
frontal air (relative to prewarm frontal air), or a
general shear structure within midlatitude cyclones,
that leads to the predominance of warm occlusions?
• What is the role of boundary layer processes (differential surface heating and friction) in developing the static stability contrast associated with occlusions and forward-tilting cold fronts?
• What is the nature of frontogenesis and secondary ageostrophic circulations in a situation with enhanced lower tropospheric static stability in the
warm air and reduced lower tropospheric static
stability in the cold air?
• Does such a static stability contrast lead to a forward-tilting cold front and, if so, how?
These and other important questions could be addressed with carefully designed observational, theoretical, or idealized modeling studies of frontogenesis
and baroclinic wave evolution.

C O N C L U S I O N S . Examples of mesoscale model
simulations of occluded fronts show that they can be
regarded as first-order discontinuities in potential
temperature, with broad zones of fairly uniform horizontal potential temperature gradient and static stability on either side of the frontal surface. Under this
assumption, an analysis of the relationship between
the slope of an occluded front and the potential temperature distribution on either side of it yields what
we have called the "static stability rule," namely, that
an occluded front slopes over the statically more stable
air, not the colder air. The static stability rule leads
to modifications of the classical (and currently accepted) definitions of warm and cold occlusions, in
which the term "colder air" is replaced by "statically
more stable" air. This change in emphasis provides
some insights into the predominance of warm occlusions. A more general application of the static stability rule also leads to a better understanding of forward-tilting cold fronts, including cold fronts aloft in
the central United States.
The static stability rule, and its implications for
• Can an idealized baroclinic wave model be config- occluded and other frontal structures, suggests that
ured to produce a substantially sloped (i.e., warm greater emphasis be placed on the effects of horizontally nonuniform static stability in theoretical and
or cold) occluded front?
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modeling studies of frontogenesis, frontal inter- Glickman, T. S., Ed., 2000: Glossary of Meteorology. 2d
actions, and the occlusion process—an emphasis that
ed. Amer. Meteor. Soc., 850 pp.
has been largely absent to date. The results of such Grell, G. A., J. Dudhia, and D. R. Stauffer, 1994: A destudies could finally place the classical occlusion
scription of the fifth-generation Penn State/NCAR
idea on the firm dynamical and theoretical footing
Mesoscale Model (MM5). NCAR Tech. Note NCAR/
that it has lacked since its inception some 80 years ago.
TN-398+STR, 138 pp. [Available from NCAR, P.O.
Box 3000, Boulder, CO 80307-3000.]
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The Father James B. Macelwane Annual Award
AMS UNDERGRADUATE AWARD
The Father James B. Macelwane Annual Award was established by the American Meteorological Society
to honor the late Rev. James B. Macelwane, S.J., a world-renowned authority of seismology, who was a
geophysicist and Dean of the Institute of Technology, Saint Louis University, until his death in 1956. The recipient
of the Father James B. Macelwane award will receive a stipend of $300.
The purpose of this award is to stimulate interest in meteorology among college students through the
encouragement of original student papers concerned with some phase of the atmospheric sciences. The student
must be enrolled as an undergraduate at the time the paper is written, and no more than two students from any
one institution may enter papers in any one contest.
Submission of Papers:
To consider papers for the Macelwane Award, the AMS Committee of Judges must receive the following:
I) an original plus four copies of the paper; 2) a letter of application from the author, including contact
information, stating the title of the paper and the name of the university at which the paper was written; 3) a
letter from the department head or other faculty member of the major department, confirming that the author
was an undergraduate student at the time the paper was written, and indicating the elements of the paper that
represent original contributions by the student.
The above information must be received at the American Meteorological Society, Attn: Donna Fernandez,
45 Beacon Street, Boston, MA 02108-3693 by 14 June 2002. The evaluation of the papers occurs during the
summer. Announcement of the award recipient is made in October of 2002.
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WEATHERING THE STORMS

SVERRE PETTERSSEN, THE D-DAY
FORECAST, AND THE RISE OF
MODERN METEOROLOGY
Meteorology today is the beneficiary of
the fundamental work in weather analysis
and forecasting of Sverre Petterssen
(1898-1974), a giant in the field and an
international leader in meteorology during
its formative era. In this lively and
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insightful autobiographical memoir,
written just before his death, Petterssen
shares intimate memories from his
childhood in Norway, his education and
service with the famous Bergen school of
meteorology, and his extensive experiences
in polar forecasting and as head of the
meteorology department at MIT. The crisis
of World War II comes alive in his
passionate recounting of how forecasts
were made for bombing° raids and special
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operations, including the contentious
forecasts for D-Day.
Sverre Petterssen's complete autobiographical memoir, published here for the
first time in English, offers a fascinating view of a man, an era, and a science.
Anyone interested in weather, World War II, the history of science, or Norwegian
history will enjoy this book.

Weathering
the Storm:
Sverre Petterssen,
the D-Day Forecast,
and the Rise
of Modern
Meteorology,
ISBN 1 - 8 7 8 2 2 0 - 3 3 - 0 , 3 2 6 pp., hardbound, $ 7 0
l i s t / $ 5 0 m e m b e r . To place an order, s u b m i t y o u r prepaid o r d e r s to: O r d e r
D e p a r t m e n t , A M S , 4 5 B e a c o n S t r e e t , B o s t o n , M A 0 2 1 0 8 - 3 6 9 3 ; call 6 1 7 2 2 7 - 2 4 2 5 t o o r d e r b y p h o n e u s i n g V i s a , M a s t e r c a r d , or A m e r i c a n E x p r e s s ;
or s e n d e - m a i l t o a m s o r d e r @ a m e t s o c . o r g . P l e a s e m a k e c h e c k s p a y a b l e t o
the A m e r i c a n Meteorological Society.
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