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ABSTRACT
A diagnostic study of a continental occluding extratropical cyclone (ETC) during 1–2 November 1992 is
presented using initializations from the Mesoscale Atmospheric Prediction System (MAPS), a hybrid sigma–
isentropic coordinate model. Whereas recent studies have concentrated on maritime ETCs and have used numerical model simulations, this study employs diagnostic, observational data and model initializations to develop
an occlusion model. In addition, isentropic parcel trajectories from a diabatic trajectory model are examined to
trace the origin and termination of air parcels associated with the development of the occluded front. The chosen
storm was a moderately deepening (i.e., typical) ETC over a data-rich continental region. This storm developed
over the central United States, where commercial aircraft and a network of wind profilers provided copious
asynoptic data aloft, which was ingested by the MAPS. Analyses of this well-defined occluded cyclone tend to
verify that the advancing cold front overtakes the retreating warm front, though it does not ‘‘ride up’’ the warm
front, and that warm-sector parcels are lifted upward in the vicinity of the occluded front, thereby confirming
that some of the parcels aloft over the surface occluded front do originate near the surface prior to occlusion.
Discussion is also provided on the nature of the occluded front as a true frontal boundary.

1. Introduction
The nature of occluded fronts and cyclones has been
the subject of controversy nearly since its introduction,
though recent modeling work has made great strides in
defining the occlusion process over both land and sea
(Kadiḡolu 1991; Schultz and Mass 1993; Cohen 1993;
Martin 1998a,b). While the maritime occlusion process
has also been studied observationally (Shapiro and Keyser 1990), such efforts have not been duplicated for the
continental occluded cyclone. This is an artifact of the
dearth of comparable, high quality, field experiment data
in and around a continental occlusion. However, the
growing abundance of wind profiler and commercial
ACARS1 aircraft data over mesoscale temporal and spatial scales has encouraged their examination during a
continental occlusion event.
To that end, 3-h initialization fields from the Mesoscale Atmospheric Prediction System (MAPS) were examined to elucidate the three-dimensional structure of
a land-based extratropical cyclone as it progressed
through the occlusion process. Attractive features of the
MAPS are its frequent ingestion of high-resolution asy-

1
ARINC (Aeronautical Radio, Inc.) Communications, Addressing,
and Reporting System.
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noptic data both at the surface and aloft (Benjamin et
al. 1991) and its formulation in hybrid s–u coordinates
(Bleck and Benjamin 1993).
For this study, we selected the cyclone of 1–2 November 1992, which developed over the central United
States where ACARS data was relatively plentiful and
profiler data especially so. This storm was not a case
of explosive cyclogenesis but was more typical of the
sort faced by forecasters. It was a moderately deepening
system (ø20.5 hPa h21 ) with a Norwegian Cyclone
Model (NCM)–type signature (Bjerknes and Solberg
1922), especially in terms of frontal structure and evolution. The precipitation distribution, however, did not
always adhere to the NCM paradigm. Thus, a system
whose general frontal features appeared to conform to
the paradigm was sought, as numerous authors have
lamented the scarcity of occluded frontal studies (Keyser 1986; Carlson 1991; Bluestein 1993).
That this storm evolved into its occlusion stage according to the NCM seems obvious at first glance. In
this discussion, it is our aim to illustrate how this cyclone conformed to and yet deviated from that model,
quantifying where applicable the cold-frontal zone overtake of the warm-frontal zone, and the occlusion of
warm sector air from the surface, while questioning the
nature of the surface occluded ‘‘front’’ (although we
shall retain this terminology for the duration of this
paper). As such, section 2 will discuss surface analyses
of the storm; section 3 is devoted to upper-air analyses
in isentropic coordinates, sounding analyses, and crosssectional analyses of the storm; section 4 provides tra-
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FIG. 1. Continuity chart showing low and frontal positions at 2100
UTC 1 November 1992, and 0300 and 0900 UTC 2 November 1992
(lower left toward upper right). Central pressures (hPa) are included
just west (left) of the low position. Bold line identifies the crosssectional line from Tulsa, Oklahoma (TUL), to Sault Ste. Marie,
Michigan (Y62). Stations discussed in the text are marked and labeled.

jectory analyses to approximate air motions within the
storm, while section 5 presents concluding remarks.
2. Surface analyses
a. Observed data
Like the NCM, surface analyses still enjoy a great deal
of attention. In the case of an occluding cyclone, the
analysis of surface data provides the best hour-to-hour
means of monitoring a system’s evolution both in realtime and in archived case studies. In this study, every
effort was made to analyze the leading edge of a frontal
zone concurrent with the warm-sector region where the
thermal gradients begin to tighten and steepen (Sanders
and Doswell 1995). Care was especially taken in analyzing the occluded front, which lies within a broad thermal ridge. A continuity chart (Fig. 1) is shown to orient
the reader to locations mentioned in the text.
Figures 2a–c depict the surface evolution of the extratropical cyclone from the early stages of occlusion at
0000 UTC 2 November 1992 (Fig. 2a) to an aging, elongated, warm-frontal occlusion at 1200 UTC the same day
(Fig. 2c). Synoptic-scale features of note included a
strong warm-frontal zone that slowly weakened with time
and a weaker cold-frontal zone that also weakened over
the 12-h period. In addition, the associated warm sector
is shown to narrow with time, and we also note the weak
thermal gradient therein, especially at 0000 UTC (Fig.
2a). Strong, persistent easterly and northwesterly flows
were found north of the warm-frontal zone and west of
the cold-frontal zone, respectively. From these analyses
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we see that mean cold-frontal zone forward motion was
toward the east-northeast at approximately 43 km h21
from 0000 to 1200 UTC 2 November 1992. This exceeded the mean warm-frontal zone forward motion,
which was northward at about 27 km h21 over the same
period, indicating that the cold-frontal zone outpaced and
‘‘overtook’’ the warm-frontal zone, in keeping with the
NCM (Bjerknes and Solberg 1922). Thus, surface frontal
motion appeared to be consistent with the NCM paradigm
in this case.
At 0000 UTC (Fig. 2a), the cyclone was located in
north-central Missouri with a central pressure of 996 hPa.
The thermal pattern clearly indicated a warm-frontal zone
east of the cyclone center, with a weaker thermal pattern
and cold-frontal zone trailing southward. Separation of
the low center from the apex of the warm sector indicated
that the occlusion process had begun. Between the cyclone and triple point laid a distinct thermal axis. In
addition, a wind shift, a jump in visibility, and in some
cases the cessation of precipitation accompanied the passage of this thermal axis (discussed shortly). This feature
was analyzed as the occluded front.
By 0600 UTC (Fig. 2b), the central pressure had fallen
to 991 hPa, and the cold- and warm-frontal zones continued to propagate eastward and northward, respectively.
The thermal gradients with both fronts had relaxed somewhat, while the warm tongue associated with the occluded front had developed further between the low center and warm sector apex. Clearly, a cyclonic wind shift
and an appreciable change in sensible weather were associated with the occluded frontal passage between 0000
and 0600 UTC (ø0200 UTC) at Kirksville, Missouri
(IRK). Evidence of the cyclonic wind shift and confluent
flow with the occluded front was also clear at 0600 UTC
(Fig. 2b). A comparison of IRK with Ottumwa, Iowa
(OTM), at that hour reveals a difference in flow direction
of 1208! Also of note at 0600 UTC is the seemingly
spurious observation from Moline, Illinois (MLI). Convection was prevalent in that area, and MLI followed this
plotted record observation at 0550 UTC with a special
at 0607 UTC reporting a thunderstorm. This signaled an
unstable layer aloft, to the north of the surface warm
front.
A warm-frontal occlusion was present at the end of
the analyzed period (Fig. 2c). At 1200 UTC, the central
pressure was 988 hPa and the thermal gradient was pronounced along and north of both the warm and occluded
fronts though more relaxed behind the cold front. Still,
the synoptic-scale thermal pattern depicts a narrowing
warm sector, the angle of its apex becoming more acute
over the preceding 12 h. The surface occluded front remained a region of confluent flow along its length, and
the stronger thermal gradient just downwind at 1200 UTC
denotes a warm-frontal signature. South of the low, we
note the persistence of a thermal gradient (albeit weaker)
over eastern Missouri, due in part to cold advection over
Nebraska, southwestern Iowa, and northern Missouri.
To provide the highest temporal resolution, time series
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of selected surface observations are shown (Fig. 3).
Along with stations that experienced occluded frontal
passage, we will examine other stations with more familiar signatures to provide a frame of reference.
The first of these control stations are Sioux City, Iowa
(SUX), and Green Bay, Wisconsin (GRB). Both stations
remained in the cold air north and west of the surface
cyclone between 0000 and 1200 UTC 2 November 1992.
SUX demonstrated a nearly isothermal state after 0200
UTC accompanied by persistent light snowfall. The flow
was consistently northerly until 1000 UTC when it began
to back in response to the motion of the cyclone. Conditions northeast of the cyclone at GRB were not as homogeneous, with gradually rising temperatures through
0800 UTC and a change to only liquid precipitation by
0400 UTC. These subtle changes, as well as a mean
pressure change of nearly 21.5 hPa h21 heralded the
approaching warm and occluded frontal zones. Persistent
15-kt east-northeasterly flow marked the surface reflection of the cold airstream aloft.
Fort Smith, Arkansas (FSM), and Louisville, Kentucky
(SDF), provide additional controls. The former resided
in the post–cold-frontal atmosphere between 0000 and
1200 UTC, while the latter resided in the warm sector
over the same period. FSM was weakly characteristic of
station behavior following cold-frontal passage. Both
temperature and dewpoint decreased through the period
in the face of west-northwesterly flow that backed and
became more westerly after 0600 UTC. The pressure rose
gradually over 12 h, and the skies cleared nearing 1200
UTC. The warm sector signature at SDF was a bit better
defined. Precipitation largely ended by 0400 UTC, as the
warm front moved toward the north, while temperatures
and dewpoints remained fairly constant during the overnight hours. A southeast wind and falling pressure was
the norm over the period. However, the increased wind
speed and pressure fall valid at 0700 UTC were responses
to a prefrontal trough. Note the wind shift and pressure
rise at 0800 UTC after the trough passed and before
returning to the general trend of cold-frontal approach at
and after 0900 UTC.
We turn now to stations that experienced occluded
frontal passage, the first of which was IRK. There, we
note a gradual veering of the wind between 0000 and
0400 UTC that, when converted from time to space, suggests confluent flow. Note also that 0200 UTC featured
a temperature and dewpoint maximum at IRK as well as
an increase in ceiling (from low, indefinite) and visibility.
It is these features that identified the surface occluded
front in this case. A similar progression is found at OTM
between 0800 and 0900 UTC. In that hour, winds veered
by 608, ceiling and visibility increased markedly, and the
temperature peaked at 0900 UTC.
We have already discussed how veering in this case
suggests confluent flow, a feature of active frontal zones.
Furthermore, cessation of sensible weather and increased
visibilities are features of classic warm-frontal passage.
These observations point to the evolution of a warm fron-

tal signature from the initial surface occluded front at
0000 UTC. However, that the occluded frontal zone initially laid along a thermal axis was, at best, an indication
of the ‘‘back-to-back’’ frontal structure suggested by Kadiḡolu (1991). Certainly, it lacked the clarity that is afforded when analyzing strong warm- and cold-frontal
boundaries at the leading edge of the thermal gradient
(Sanders and Doswell 1995). Also, the showery precipitation at IRK prior to 0200 UTC indicated that the region
over the surface occluded frontal zone was not statically
stable, another typical aspect of frontal zones. It is these
conflicting observations that promote uncertainty in the
classification of the surface occlusion as a front.
b. Derived parameters
Frontogenesis and its component parameters provide
broader means of diagnosing the frontal nature of the
surface occluded front. These analyses are shown for
0000, 0600, and 1200 UTC, respectively, for the magnitude of the surface potential temperature gradient (Figs.
4a,e,i), divergence of the total wind (Figs. 4b,f,j), the
deformation of the total wind (Figs. 4c,g,k), and total
frontogenesis (Figs. 4d,h,l). These analyses are based on
surface data alone that were objectively analyzed to a
60-km grid identical to that of the MAPS. The Barnes
(1973) scheme found in GEMPAK (Koch et al. 1983) was
used, with g 5 0.25 and two passes performed on the
data.
Our formulation is that for kinematic surface frontogenesis (Petterssen 1956), which neglects diabatic effects
and the tilting of isentropic surfaces due to horizontal
gradients in vertical motion; it is given as
1
F 5 |=u|[def(cos2b) 2 div],
2

(1)

where
R |=u| is the magnitude of the gradient of the u field,
R b is the angle between the axis of dilitation and the
isentropes, and,
R def and div are the horizontal deformation and divergence, respectively.
Inspection of F allows us to determine the instantaneous time rate of change in the surface thermal gradient.
Such changes are the results of geostrophic and ageostrophic motions, the latter typically being the result of
frontogenetical forcing. In an active frontal zone, the former results in deformation and the creation of a thermal
gradient. The latter generates a collapse toward discontinuity and convergence (Hoskins and Bretherton 1972).
At 0000 UTC, the young occluded front resided in and
across the synoptic-scale thermal gradient that was otherwise parallel to the warm- and cold-frontal zones (Fig.
4a). A qualitative examination of Fig. 2a shows the local
thermal field to have been nearly perpendicular to the
analyzed occluded front, culminating in a negligible
cross-frontal thermal gradient. The total wind deforma-
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FIG. 2. Mesoscale surface analyses at (a) 0000 UTC 2 November 1992, (b) 0600 UTC 2 November 1992,
and (c) 1200 UTC 2 November 1992. Standard plotting format is employed with sky-cover symbols, current
weather symbols, temperatures, and dewpoints in degrees Fahrenheit; abbreviated sea level pressure in
hectopascals, and wind speeds in knots; station identifiers are in the lower right-hand corner of each model.
Subjective analyses of pressure are contoured every 2 hPa (solid), and temperature is contoured every 48F.
(dashed). Only a subset of the stations used to construct the subjective analyses are plotted.

tion term (Fig. 4b) yielded small values at the occluded
front, although geostrophic shear deformation across it
is suggested in Fig. 2a. Also, convergence (Fig. 4c) was
found at the occluded front, suggesting that it was largely
affected by the presence of the cyclone center. Indeed,
the cyclonic wind shift was unimpressive even through
0200 UTC as indicated by the time series at IRK in Fig.
3. Further, F at the occluded front was correspondingly
weak (Fig. 4d). Thus, the occluded front at 0000 UTC
was devoid of significant cross-frontal thermal or kinematic discontinuities.
At 0600 UTC, the potential temperature gradient weakened to less than 2 3 1025 K m21 (Fig. 4e) while the
local observed temperature gradient perpendicular to the
occluded front (see Fig. 2b) was no longer as uniform
ahead of as behind the front. Values for the deformation
term were still small but positive at the surface occluded
front (Fig. 4f). Convergence had increased also at 0600

UTC (Fig. 4g) and corresponded to the greater cyclonic
wind shift across the occluded front observed in northeast
Missouri and southeast Iowa seen in Fig. 2b. Still, frontogenesis values (Fig. 4h) with the occluded front had
weakened over 6 h due in part to the weakened synopticscale gradient in potential temperature. Even at 0600
UTC, the occluded front was still an ambiguous structure:
while the flow across the frontal zone was increasingly
confluent and convergent, suggesting ageostrophy indicated by cross-isobaric flow and frontogenesis, the thermal gradient across the same region was still quite weak,
and F values indicated that it was less prone to intensification at this hour.
By 1200 UTC, the surface thermal gradient (Fig. 2c)
was just upstream of a stronger and more well-defined
gradient of potential temperature (Fig. 4i). The deformation term values (Fig. 4j) were largely unchanged,
but convergence values (Fig. 4k) with the surface oc-
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FIG. 2. (Continued)

cluded front had weakened. As a result, the instantaneous frontogenesis values (Fig. 4l) had also weakened. Yet the thermal gradient analysis at this hour
(Fig. 4i) and the surface plot analysis (Fig. 2c) indicate
that the surface occluded frontal boundary had taken
on warm frontal characteristics, including a wind shift
from easterly to southerly winds, and warmer temperatures after the boundary passed by to the north.
From all of these surface analyses, it is clear that
the cold-frontal zone propagated eastward more rapidly
than the warm-frontal zone traveled northward. Early
in the occlusion process (0000–0600 UTC), this created a thermal ridge that produced no significant thermal gradient perpendicular to the surface occluded
front. Without a thermal gradient across the boundary,
it defies the definition of a frontal zone as a discontinuity in a thermal gradient and therefore even more
rudimentary descriptions (e.g., a boundary between air
masses of different densities). However, the convergence associated with the occluded front, especially at
0600 UTC, suggests the ageostrophic flow associated
with a collapse toward discontinuity and frontogenesis.

The latter fits well with the view of Cohen and
Kreitzberg (1997) of a frontal zone as one where disparate airstreams converge. It is the lack of an appreciable thermal gradient across the boundary (as is the
case through 0600 UTC) that does not fit the frontal
definition anticipated by the airmass framework. It is
this dichotomy that continues to fuel the debate over
the frontal nature of the occluded front. With the air
mass framework still in general use and easier to apply
in the operational environment (at least for now), a
workable real-time solution is unclear.
3. Upper-air analyses
Output from the 60-km version of the MAPS was
employed to follow the evolution aloft of this occluding system. In addition to the diagnosis of general features in this system, a chief priority was to characterize
the stability profile over the occluded front. To that
end, we will examine plan view analyses of isentropic
surfaces, cross sections across the occluded front, and
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FIG. 2. (Continued)

vertical profiles for a location that experienced occluded frontal passage.
a. Isentropic surfaces
The 300-K isentropic surface for 0000 UTC 2 November 1992 is shown in Fig. 5a. For the purposes of
our discussion, recall that on an isentropic surface,
isotherms and isobars are identical through the Poisson
equation. Descent and cold advection are depicted
clearly over western Arkansas where the cross-isobaric
flow is from low to high pressure, while ascent and
warm advection were found across Wisconsin and
Michigan where the cross-isobaric flow is from high
to low pressure. These areas concurred with the cold
and warm frontal zones, respectively, as depicted in
Fig. 2a. The baroclinic nature of the system was further
evidenced by the cyclone center location near Topeka,
Kansas. This was well west of the surface cyclone
center, near IRK.
At 308 K, the cyclone center was a bit farther west
(Fig. 5b). Most noteworthy is the warm thermal axis
across southern Wisconsin, Iowa, and Nebraska. As we

will see in our trajectory analyses, this warm tongue
was formed, in part, as a result of the warm airstream
flowing ahead of the cold front. This helps to form the
‘‘trowal,’’ first discussed by Canadian investigators
(e.g., Penner 1955) and discussed more fully by Martin
(1998b).
As parcels in the airstream ascended and saturated,
the latent heat they liberated forced them to rise still
further. In the baroclinic environment of an ETC, where
winds increase with height, ascending parcels arrive
unbalanced at their new level (Uccellini 1990). To
compensate for this, parcels accelerate toward lower
heights (in p space) or Montgomery potential (in u
space). Such was the case with this warm thermal axis.
South and west of that thermal axis was a pressure
trough/cold axis from Wyoming to Texas, preceded by
a region of cold air advection and descent downstream.
This was the cold, dry airstream.
Lastly at this hour, we examine the pressure difference between 300 and 308 K (Fig. 5c). This provides
a measure of a static stability, where greater pressure
differences indicate greater distance between isentropic surfaces and thus a less stable environment. At
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FIG. 3. Time series for Sioux City, Iowa (SUX), Green Bay, Wisconsin (GRB), Ft. Smith, Arkansas (FSM), Louisville, Kentucky (SDF), Kirksville, Missouri (IRK), and Ottumwa, Iowa
(OTM), using a station model format. Temperature and dewpoint (8F), sea level pressure and its 3-h change (hPa), wind speed (kt) and direction, and sky cover have their standard positions.
Current weather appears beneath the station circle using SAO (surface airways observations) abbreviations. The value to the immediate left of the station circle represents the tens digit of
the numerical wind direction; the value to the immediate right of the circle is the ones digit of the wind speed. Sky cover varies from clear (open circle), to scattered (one vertical line),
broken (two vertical lines), overcast (a cross), and indefinite (an X in the circle).
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FIG. 4. Plan-view surface analyses of the magnitude of the potential temperature gradient (31025 K m21 ) in (a), (e), and (i); deformation
[def(cos2b)] of the total wind (31025 s21 ) in (b), (f ), and (j); divergence of the total wind (31025 s21 ) in (c), (g), and (k); and surface F
[K 100 km21 (3 h)21 ] in (d), (h), and (l). These analyses are valid at 0000 UTC 2 November 1992 (a–d), 0600 UTC 2 November 1992 (e–
h), and 1200 UTC 2 November 1992 (i–l).

0000 UTC, no clear pattern was present with the occlusion, although most of the region associated with
the storm system had ]p/]u values of 150 hPa or more.
By 0600 UTC, the cyclone had deepened at both 300
(Fig. 6a) and 308 K (Fig. 6b) and was becoming more
vertically stacked. Still, adiabatic descent and cold advection was still present west of the surface cold front,
while adiabatic ascent and warm advection were found
north of the surface warm-frontal zone. On the 308-K
surface in particular, the pressure/thermal field had assumed the classic serpentine pattern of a mature cyclone. Also note that pressures on the 308-K surface
had decreased by more than 150 hPa over western Illinois over the preceding 6 h while pressure values on
the 300-K surface (Fig. 6a) in this area decreased by
about 75 hPa. This resulted in a less stable atmosphere

in that region (Fig. 6c), which was over the surface
occluded front (reference Fig. 2b).
The 300- (Fig. 7a) and 308-K (Fig. 7b) surfaces at
1200 UTC illustrate the cyclone’s continuing evolution
into the cold air, as it was now farther from the warm
tongue. The associated lack of tilt to the cyclone with
height also signaled its trend toward a more barotopic
state. Furthermore, adiabatic ascent/descent were no
longer as well defined at either level. Yet the rate of
cooling at 308 K exceeded that at 300 K over northwest
Illinois during the 0600–1200 UTC period. This resulted in a further destabilization of the atmosphere
with pressure differences between 300 and 308 K exceeding 300 hPa (Fig. 7c). We note again that this
region resided directly over the surface occluded front
(reference Fig. 2c).
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FIG. 4. (Continued)

b. Sounding analyses
To further elucidate the weaker static stability associated with the surface occluded front, we examined the
MAPS model-derived soundings for OTM. These analyses (like the cross sections to follow) were created by
first interpolating MAPS isentropic surface data to pressure surfaces at 50-hPa intervals using GEMPAK. Stability analyses were based upon these GEMPAK-derived
soundings using a modified version of Moore and Pino’s
(1990) software.
We have seen how the surface occluded front passed
OTM between 0800 and 0900 UTC 2 November 1992.
Prior to that time at 0000 UTC (Fig. 8a), the atmosphere
was conditionally stable up to 800 hPa and winds veered
from east-southeast near the surface to south-southwest
at 800hPa. Above that level the atmosphere was conditionally unstable, although the largest convective
available potential energy (CAPE) value found in the
column was 410 J kg21 based on a parcel lifted from
750 hPa. Similar features were found at 0300 UTC (Fig.

8b), although the near-surface temperature (ø950 hPa)
was slightly warmer. Also, the 800–600-hPa layer was
nearly saturated and less stable, resulting in a largest
CAPE of 595 J kg21 lifted from 750 hPa.
By 0600 UTC (Fig. 8c), the atmosphere remained
conditionally stable beyond 800 hPa and up to 750 hPa.
Yet this near-surface layer is clearly not as stable at this
hour as it was at 0000 UTC. Conditional instability
persisted above the 750-hPa level with a CAPE based
at that level of 492 J kg21 . We also note far less speed
shear at 0600 UTC than just 6 h earlier. For example,
the wind speed difference between 800 and 300 hPa at
0000 UTC was 60 kt, while at 0600 UTC, the difference
over the same layer had decreased to 15 kt. This corresponds to the decreasing baroclinicity in the vicinity
of the cyclone center as revealed in the last section (e.g.,
Fig. 6).
Figure 8d depicts the sounding for 0900 UTC, near
the time of the occluded frontal passage at OTM. This
analysis depicts the layer up to 800 hPa as nearly sat-
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FIG. 4. (Continued)

urated; the environmental lapse rate is nearly moist adiabatic. The best CAPE is based on a parcel from 650
hPa and is 38 J kg21 , thus quantifying an increasingly
more stable nature of this profile than 3 or 6 h prior.
Yet the surface-based (950 hPa) lifted index at this hour
was calculated to be 2.08C, the second lowest of the
five analysis times; it was lower than at either 0600 or
1200 UTC. We recall that the surface occluded front
passed by OTM between 0800 and 0900 UTC and that
the region above it was not a region of enhanced static
stability. Thus, while the overall stability of the entire
column was now increasing, the near-surface layer had
become less stable in the vicinity of the surface occluded
front. Finally, the 1200 UTC sounding at OTM (Fig.
8e) reveals the nearly saturated (though cooler) nearsurface layer, topped by a substantial temperature inversion and drier air associated with the dry, descending
airstream south and west of the cyclone center.
These sounding analyses compare well with the planview stability analyses presented in Figs. 5c, 6c, and

7c, which suggest the least stable environment was present over OTM, and thus the surface occluded front, at
0600 UTC. The sounding analyses refine that view, revealing that the least stable atmosphere over OTM was
present closer to 0300 UTC. This finding is consistent
with the trowal aloft preceding the surface occluded
front (Penner 1955; Martin 1998a,b). Still, static stability in the near-surface layer over OTM did not increase with occluded frontal passage.
c. Cross-sectional analyses
Plan-view and sounding analyses have indicated the
distinctly less stable nature of the atmosphere over the
surface occlusion. While this is important for illustrating
the deviation of the occluded front from the classic frontal zone feature of enhanced stability, such results only
indicate an environment that is favorable for upward
motion. To document the occlusion of warm-sector air
upward from the surface, we begin with cross sections
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FIG. 5. Plan-view analysis of (a) Montgomery streamfunction
(310 2 J kg21 ; solid) and pressure (hPa; dashed) on the 300-K surface,
(b) the same fields on the 308-K surface, and (c) the pressure difference (hPa) between 300 and 308 K. Analyses are valid at 0000
UTC 2 November 1992.

of equivalent potential temperature u e , which we assume
to be largely conserved over the 12-h period under consideration. The cross sections in this discussion are all
taken along a line from Tulsa, Oklahoma (TUL), to Sault
Ste. Marie, Michigan (Y62), which is referenced in
Fig. 1.
MAPS-based vertical cross-sectional analyses of u e
(Fig. 9a–c) depict the occlusion of warm, moist, highu e air from the surface. The warm frontal surface is well
defined by the u e pattern, due in part to the warm front’s
signature of strong vertical stability as well as it being
more normal to the cross-sectional line than the coldfrontal zone.
Figures 1 and 9 together show the cold-frontal zone
encroaching upon and overtaking the leading warmfrontal zone. In the vertical, this is manifested by the
surface warm-sector air mass at 2100 UTC 1 November

1992 (Fig. 9a) emphasized by the shaded area of greater
than 322 K becoming separated from the surface by
0300 UTC the following day (Fig. 9b) and residing aloft
by 0900 UTC (Fig. 9c). Furthermore, while the cold
front does not appear to have ‘‘ridden up’’ the warmfrontal surface (at least on this timescale), the signature
does suggest a warm front–type occlusion (Fig. 9c).
Lastly, we note that near the surface, the vicinity of
the occlusion is reminiscent of the ‘‘back-to-back’’ frontal structure (Wallace and Hobbs 1977; Kadiḡolu 1991),
which is seen particularly well in Fig. 9b. It appears as
a u e maximum in the near-surface u e cross section with
values decreasing both ahead and to the rear of the
analyzed occluded front, as described by Carlson
(1991). This observation is supported by previous plan
view analyses of a thermal ridge concurrent with the
occlusion both aloft and at the surface.
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FIG. 6. As in Fig. 5 but at 0600 UTC 2 November 1992.

4. Parcel trajectories
Explicit trajectories were formulated and computed
using the ‘‘discrete model’’ approach of Petersen and
Uccellini (1979) to validate the occlusion of warm sector air away from the surface. In this approach, the
inviscid equations of motion are used to calculate accelerations in the x and y directions on a given isentropic
surface. New u and y components of motion are calculated for the parcel, which then permits one to compute its new x and y coordinates on the grid (longitude
and latitude, respectively) using an average wind speed
over a short (,25 min) time period. As noted by Petersen and Uccellini (1979), new Montgomery streamfunction (C) values are needed at each time step to close
the system of equations. With this method, we know
both the initial and final distributions of C and assume

that the field varies linearly in time between 12-h synoptic upper-air observations.
This method provides a reliable means of calculating
purely adiabatic trajectories. To account, approximately,
for diabatic effects involving phase changes, we follow
the method used by Rubino (1986) to account for latent
heating. When the aforementioned adiabatic parcels become saturated, latent heat is released, resulting in the
parcel being heated and rising to a new isentropic surface. To determine the change in the potential temperature of a parcel, we start with Poisson’s equation,

u5T

1 2
1000
p

R d /c p

,

(2)

where the variables have their standard interpretations.
Taking the log differential with respect to time yields
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FIG. 7. As in Figs. 5 and 6 but at 1200 UTC 2 November 1992.

1 du
1 dT
R dp
5
2 d
.
u dt
T dt
pc p dt

(3)

Multiplying by cpT results in
c p T du
dT
dp
5 cp
2a ,
u dt
dt
dt

u
dh.
cp T

(6)

If dh is dominated by latent heat release (6) can be
rewritten as
(4)

where a is the specific volume of a parcel. The righthand side of (4) is simply the heat lost or gained by the
parcel (from the thermodynamic equation) and thus can
be written as
c p T du
dh
5 .
u dt
dt

du 5

(5)

Over the finite time period, then, the change in potential temperature for a parcel is

du 5 2

u
L Dq,
c pm T o

(7)

where c pm is the specific heat capacity of moist air at
constant pressure, and the amount of heat released dh
is calculated as the product of L o , the latent heat of
condensation, and Dq, the change in specific humidity
with negative values corresponding to condensation.
This change is added to the original parcel value of
u to determine the new isentropic surface where the
parcel resides. As the parcel is no longer on the original
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FIG. 8. Skew T–logp analyses of temperature (8C) and dewpoint (8C) for Ottumwa, Iowa (OTM), at (a) 0000, (b) 0300, (c) 0600, (d) 0900,
(e) 1200 UTC, all on 2 November 1992. Winds are plotted in knots, where short barbs represent 5 kt, long barbs represent 10 kt, and flags
represent 50 kt.

surface where the initial and final C values were known,
C fields are generated for 19 higher isentropic surfaces
at 2-K increments. Thus, when a parcel jumps to a new
isentropic level, C values are linearly interpolated to
that level from adjacent u surfaces. These calculations
are made with a 5-min time step.
The above approximation allows one to compute the
trajectory of a parcel undergoing pseudoadiabatic ascent. We assume that all latent heat released serves only
to raise the parcel temperature. The small amount of
heat removed from the parcel by the water mass falling
from the parcel is neglected (Holton 1979). Moreover,
we account only for vapor–liquid phase changes; icephase microphysics are ignored. Lastly, radiational heating/cooling is also neglected. Our diabatic trajectories
are initially adiabatic and follow an isentropic surface
until saturation, after which they ascend more rapidly
due to latent heat release, which appears to have been
the dominant process in this case.
The trajectories included for discussion depict the
source and termination of near-surface parcels close to
the apex of the warm sector in the vicinity of the burgeoning occluded front. These trajectories were initialized at the same latitude and longitude, but at successively higher u levels; 292 (Fig. 10a), 294 (Fig. 10b),
and 296 K (Fig. 10c) were used. One can see that as
parcels ascend to higher u surfaces, their trajectories
become more cyclonic. Close examination of the data
in Table 1 reveals that these parcels exhibit quite a divergent pattern in the vertical. While the 292-K parcel

rises at 21.4 mb s21 and ascends 1.1-K levels over 12
h, the 296-K parcel rises at an average of 212.4 mb s21
and moves through 23.6-K levels over the same time
period; values for the 294-K parcel fall between these
two extremes.
It is also important to note the origin and termination
of these particular parcels relative to the storm and the
ground (see Fig. 2 for reference). Notice that they were
initialized at 0000 UTC near the apex of the surface
warm sector (at the same latitude and longitude, but at
different altitudes) and terminated aloft over the surface
occlusion. While the 296-K parcel is somewhat north
of the surface occlusion at 1200 UTC, the parcel initialized at 294 K is closer to the surface occlusion, and
the one started at 292 K is directly over the surface
occlusion region. That these parcels all terminate higher
than where they began and yet still in the region of the
surface occlusion agrees well with the findings of
Schultz and Mass (1993), who noted that parcels terminating in the warm tongue over the surface occlusion
had originated in the warm sector.
Satellite imagery (Fig. 11) supports the trajectory results, that the warm-sector air mass was occluded from
the surface. Note how a cloud mass develops at the same
time that the occlusion process begins (analyzed at 2300
UTC 1 November 1992). The imagery shown is for 1
h prior to the analyzed moment of occlusion (2200 UTC
1 November 1992; Fig. 11a) and 1 h after occlusion
(0000 UTC 2 November 1992; Fig. 11b). This cloud
mass developed further, propagating with, and remain-
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FIG. 8. (Continued)

ing roughly parallel to and in the vicinity of, the occlusion through 0600 UTC 2 November 1992 (Fig. 11c)
and beyond. While we cannot state with certainty the
elevation of the satellite-detected cloud mass over Iowa
at 0600 UTC, its location does coincide with the 6-h
(0600 UTC) marker on the trajectories in Fig. 10.
Referring back to Fig. 2b, we see that most observed
precipitation was east of the 6-h markers on all of the
trajectories. However, rain began at 0616 UTC at Cedar

Rapids, Iowa (CID), which was near to and downstream
from all three trajectories, and continued there for 2
more hours accumulating 2 mm of liquid precipitation
by 0900 UTC. Rain, snow, and drizzle were all present
across northeast Iowa at 1200 UTC (Fig. 2c) where all
three trajectories terminate.
Clearly, these near-surface warm sector parcels ascended well into the upper troposphere over the course
of 12 h. While the initial motion was governed by adi-
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FIG. 9. Cross-sectional analyses of u e (K) along a line from TUL to Y62 (shown in Fig. 1) at (a) 2100
UTC 1 November 1992, (b) 0300 UTC 2 November 1992, and (c) 0900 UTC 2 November 1992. The vertical
axis is pressure (hPa). Arrows mark the surface cold and warm fronts in (a) and the occluded front in (b)
and (c).
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FIG. 9. (Continued)

FIG. 10. (a) Diabatic trajectory for the 292-K isentropic surface initialized at 0000 UTC 2 November 1992 and terminating at
1200 UTC 2 November 1992. In this and all trajectory plots, the X marks the parcel initiation position; the number with it is the
pressure at that location. The diamond marks the point of saturation, the cross marks the 0600 UTC position, and the end of the
trajectory is accompanied by an arrowhead and the pressure at termination. (b) Diabatic trajectory for the 294-K isentropic surface
initialized at 0000 UTC 2 November 1992 and terminating at 1200 UTC 2 November 1992. (c) Diabatic trajectory for the 296-K
isentropic surface initialized at 0000 UTC 2 November 1992 and terminating at 1200 UTC 2 November 1992.
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TABLE 1. Initial pressure (pi), 12-h average omega (v), 12-h change
in parcel potential temperature (DQ), and final pressure (pf) for 12h diabatic parcels originating at 292, 294, and 296 K.

V
W
X

Level
(K)

pi
(mb)

v
(mb s21)

DQ
(K)

pf
(mb)

292.0
294.0
296.0

906.7
889.1
876.9

21.4
25.0
212.4

11.1
110.0
123.6

847.9
673.6
340.4

abatic ascent, all three parcels quickly saturated and
rose, benefiting from substantial diabatic heating over
the rest of their trajectories. As parcels rose to a new u
surface they continued to be unbalanced (nongeostrophic) and turned toward lower C values, accelerating horizontally while rising (Uccellini 1990).
5. Conclusions
Analyses of a moderate, well-developed extratropical
cyclone over a landmass reveal a number of things about
its structure. While this particular structure does not
mandate that other extratropical cyclones undergo occlusion in exactly the same manner, the strong signal of
this classic-type system suggests that parallels may be
drawn from it to other similar, well-developed systems.
The results found in this case tend to coincide with
the original NCM. First, the forward motion of the coldfrontal zone exceeded that of the warm-frontal zone in
this case. Therefore, the cold-frontal zone overtook the
warm. Second, cross sections of u e illustrate the lift and
separation of warm sector air from the surface both in
ground-relative and storm-relative coordinates. Lastly,
satellite images reveal a low-level cloud mass that developed coincident with the time of occlusion and grew
along with the occlusion. Thus, the occlusion of warmsector air from the surface is validated in this case,
another feature concurrent with the NCM.
However, diagnosing a frontal zone in the region between the apex of the warm sector and the low center
remains in question. We have documented the ‘‘backto-back’’ nature of the occluded front, but we note that
such a thermal pattern produces a lack of a thermal
gradient across the boundary. Furthermore, stability
analyses show the region over the occlusion as being
distinctly less stable, though classic frontal zones are
characterized by enhanced static stability.
Still, the surface occluded front was shown to be a
region of confluence and convergence, which are also
features of classic frontal zones. Yet there is little evidence of ageostrophic flow producing a collapse toward
discontinuity in the thermal field until 1200 UTC when
the occlusion was assuming a warm-frontal structure.
Thus, an air mass perspective of the system would make
it difficult early on to term the surface occlusion a front,
while an airstream view requiring the convergence of
flows from disparate regions identifies a frontal zone
for most of the period examined.

FIG. 11. Infrared satellite imagery for (a) 2200 UTC 1 November
1992, (b) 0000 UTC 2 November 1992, and (c) 0600 UTC 2 November 1992. The white arrow in (a) indicates the cloud mass of
interest.

This continental occlusion was thus a thermal ridge
and pressure trough joining a low center to the apex of
its warm sector. The occlusion formed through the impingement of the cold frontal zone upon the warm frontal zone. In the horizontal, this process juxtaposes two
cold air masses, which exhibit their warmest temperatures along the occlusion, thereby forming a thermal
ridge. In the vertical, this impingement forces warmsector air aloft forming new cloud masses (as a mini-
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mum) and the structure of ‘‘back-to-back’’ fronts. Thus,
the sensible weather anticipated with the occlusion in
this system is due, at least in part, to the occlusion
process. However, the identity of the occluded front as
a frontal zone remains unclear.
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