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The precipitation zones were similar to ‘‘warm-sec-
tor’’ squall lines in that the precipitation first ap-
peared along the western boundary of a low-level
moist tongue beneath the southwesterly flow on the
eastern side of a major advancing upper trough. Im-
portantly, however, Omoto showed that the precipi-
tation zones occurred also in association with a baro-
clinic, cold-air advection region at about 600 hPa.
In the 1980s an increasing body of research sug-
gested that cold fronts, with bases above the surface,
can trigger squall lines and that the motion of squall
lines is connected with that of the cold air aloft. Keyser
and Carlson (1984 ) suggested that the baroclinic zone
on the western edge of the elevated mixed layer was
frontogenetically active and contributed to the outbreak
of severe convection along the dryline. Browning
(1985) suggested that squall lines in the midwest
United States might be associated with split cold-front-
type structures. Locatelli et al. (1989) analyzed a cy-
clone that developed in the lee of the Rocky Mountains
and moved eastward off the Atlantic Coast. The evo-
lution and ' structure of this storm. was distinctly non-
classic: it had a north—south-oriented surface occluded-
like front, which evolved from the interaction of a lee
trough east of the Rockies with a.¢old front, and rain-
bands parallel to and east of the occluded-like front.
The rainbands were generated by a- cold front aloft
(Sienkiewicz et al. 1989; Geerts and Hobbs 1991). Lo-
catelli et al. (1989) suggested that in a more convec-
tively unstable air mass the rainbands could have de-
veloped into a squall line, which might thén have been
misanalyzed as a warm-sector (i.e., nonfrontal) squall
line located east of a surface cold front. Martin et al.
{1990) described another nonclassic cyclone structure
in the central United States in . which a banded region
of light to moderate convective activity was coincident
with a region of midlevel frontogenesis to the east of a
trough. :
The view that m1d1eve1 frontogenetically active,
baroclinic zones can trigger squall lines east of the
-Rocky Mountains is encapsulated in the cold fronto-
genesis aloft (CFA) conceptual model of Hobbs et al.
(1990). In this model the term CFA refers to the lead-
ing edge of a transition zone above the surface that
separates advancing cold air from warmer air. The
length of the transition zone is much greater than its
width; and the gradients of temperature and absolute
momentum in the transition zone are much greater than
in the adjacent regions. Defined in this way, the CFA
encompasses features ranging from regions of concen-
trated upper-level cold-air advection within migrating
upper shortwaves to bona fide uppet-level frontal zones
of the type discussed by Keyser and Shapiro (1986).
The important dynamical characteristic that these fea-
tures have in common is the occurrence of active front-
ogenesis in association with baroclinic zones (frontal
or nonfrontal). <
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In this paper we describe the formation of a rain-
band that produced severe weather and numerous
tornadoes as it crossed the central United States on
8—-9 March 1992. We will show that this rainband
was initiated along a drytrough, that is, a lee trough
with characteristics of a dryline (Martin et al.
1995), under the 1nﬂuence of weak cold frontogen-
esis aloft.

In light of the results presented in this paper, and
prior research on CFA, we will consider 1) the asser-
tions of Locatelli et al. (1989) and Hobbs et al. (1990)
that CFA can trigger squall lines, 2) Browning’s sug-
gestion that split cold fronts may be responsible for
squall lines in the central United States, and 3) earlier
studies that suggest squall lines can be triggered
by CFA.

In sections 2a,b we describe the outbreaks of con-
vection and the formation of the CFA rainband using
radar, satellite, surface, and upper-air data. In section
2c we use the Pennsylvania State University— NCAR
MM4 model to provide further information on the de-
velopment and movement of the vertical structure of
the CFA and the development of the potential insta-
bility ahead of the CFA. In section 3 we use a com-
bination of model outputs and measurements to ex-
plore how the atmosphere became destabilized and
isolated convection broke out in the southern and
northern portions of the regions where the CFA rain-
band formed. In séction 4 we propose a mechanism
for the formation of the CFA rainband. The observa-
tions and ideas presented in the paper are discussed
and summarized section 5.

2. Observations
a. Outbreak of convection

At 1200 UTC 8 March 1992 a vigorous short-wave
trough, characterized by sharp curvature, strong baro-
clinicity, and diffluence at 500 hPa, was approaching
the south-central United States from the southwest
(Fig. 1a). As the trough moved toward the east, a sur-
face drytrough developed (discussed in detail by Mar-
tin et al. 1995), so that, by 1800 UTC 8 March, an axis
of high-equivalent-potential-temperature 6, air (not
shown) was located just to the east of the drytrough
(Fig. 1b). The combination of strong upper-level forc-
ing and potent thermodynamics is often attended by
severe weather. In anticipation of this, the National Se-
vere Storms Forecast Center (NSSFC) issued severe
weather watches from north-central Texas to the Kan-
sas—Nebraska border for the period 1900-2100 UTC
8 March (Fig. 2). These watch boxes were located im-
mediately east of the surface position of the drytrough,
and they extended along the ax1s of maximum 6, at the
surface. .

At 2335 UTC 8 March a series of strong convec-
tive cells were present within the watch boxes, and,
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by 0235 UTC 9 March, these cells had formed a se-
ries of organized severe squall lines that stretched
southward from central Kansas to the Rio Grande
(Fig. 3a). By 0635 UTC 9 March the northern por-
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tions of the squall lines were located well east of the
drytrough (Fig. 3b). For reasons that will become
clear later, we refer to this series of squall lines as
the CFA rainband.



2644

MONTHLY WEATHER REVIEW

Gulf of
Mexico

MEXICO

FIG. 2. National Weather Service radar summary for 2135 UTC 8
March 1992. Radar echoes are shaded with second- and third-level
echoes contained within dark solid lines. The scalloped line indicates
the position of the drytrough. Dashed boxes are the areas for which
the National Severe Storms Forecast Center issued severe weather
watches.

b. Relationship between 500-hPa thermal pattern
and the CFA rainband

Seven 500-hPa charts were analyzed at 3-h intervals
from 1800 UTC 8 March 1992 to 1200 UTC 9 March
1992. These analyses utilized rawinsondes launched
from the standard National Weather Service (NWS)
sites (at both synoptic and nonsynoptic times), as
well as various additional sounding sites provided by
the Storm Fronts and Experimental Systems Test
(STORM-FEST ). We show two maps from this series,
which illustrate the results of the analysis and the data
available at nonstandard (Fig. 4a, 2100 UTC 8 March)
and standard (Fig. 4b, 1200 UTC 9 March) launch
times. In all seven maps it was possible to follow con-
sistently the leading edge of cold-air advection aloft
(the dashed line in Fig. 4) as a cold baroclinic zone
and an associated short-wave trough moved eastward.
Notice that the baroclinic zone did not become appre-
ciably stronger during this period, and the gradient of
dewpoint at 1200 UTC 9 March (Fig. 4b) exceeds the
temperature gradient behind the leading edge of cold-
air advection; therefore, the change in humidity was
the strongest indicator of the push of cooler and dryer
air aloft. Temperature analyses at lower-tropospheric
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levels (not shown) show that the cold-air advection did
not reach the surface; therefore, following Hobbs et al.
(1990), we will refer to the leading edge of the cold-
air advection as cold frontogenesis aloft (or CFA).

The positions of the CFA at 500 hPa, the drytrough,
and the low-pressure center at the surface, together with
radar echoes (from the digitized NWS radars) and the
IR satellite depiction at 3-h intervals from 1800 UTC
8 March to 0900 UTC 9 March, are shown in Fig. 5.
The surface position of the drytrough was derived from
analyses of the surface data. Digitized radar data were
available only within the white box shown in Fig. 5. A
precipitation feature, identified as the pre-drytrough
rainband by Martin et al. (1995), is indicated in Fig. 5
by dark gray shading (black shading is used for all
other radar returns).

It can be seen from Fig. Sa that there were no cloud
or radar echoes along the drytrough at 1800 UTC 8
March. However, as the CFA approached the drytrough
(Fig. 5b), a few radar echoes and high clouds appeared
in north-central Texas, south of the Red River. As the
CFA at 500 hPa passed over the drytrough at 0000 UTC
9 March (Fig. Sc), further radar echoes and high cloud
developed along the drytrough. By 0300 UTC 9 March
substantial radar echoes filled the region between the
CFA and the drytrough, in addition to a large radar
echo ahead of the CFA on the Arkansas—Oklahoma
border (Fig. 5d). The clouds along the southern portion
of the drytrough indicate that precipitation occurred be-
tween the CFA and the drytrough as far south as south-
ern Texas. By 0600 UTC the radar echoes had taken
on the shape of a rainband stretching from southern
Nebraska to northern Texas (Fig. Se), and digitized
NWS radar data show that the precipitation extended
into southern Texas. By this time the rainband had
moved away from the drytrough and was clearly
aligned along the CFA. By 0900 UTC 9 March, the
rainband was coincident with the CFA as it continued
to move eastward away from the drytrough (Fig. 5f).
The clear connection between the positions of the CFA
and the squall line is the reason why we refer to this
precipitation feature as the CFA rainband.

The pattern of higher-level clouds associated with
the CFA rainband, as depicted by the IR satellite data,
indicates that this rainband was associated with strong
convection and with an anvil that spread out east of the
precipitation. The radar data and surface reports con-
firm these inferences. Figure 6 shows the radar reflec-
tivity pattern at 0743 UTC 9 March from the NCAR
CP-4 Doppler radar, which was located in the northeast
corner of Kansas. The dominant feature is a narrow
convective line of strong reflectivity (50 dBZ), fol-
lowed by a more uniform zone of weaker echoes. This
reflectivity pattern is typical of a squall line (Smull and
Houze 1985). Severe weather was associated with the
CFA rainband. An F1 tornado and 1-in.-size hail were
reported at 0300 UTC 9 March in south-central Kansas.
At 0500 UTC 9 March, more 1-in.-size hail and an FO
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FIG. 3. (a) As for Fig. 2 except for 0235 UTC 9 March 1992. (b) As for Fig. 2 except for 0635 UTC 9 March 1992.

tornado were reported in southeastern Kansas. Farther
south in Oklahoma, softball-size hail was reported at
0400 UTC 9 March. As the CFA rainband passed over
Topeka, Kansas (TOP), and Kansas City, Missouri
{MCI), both stations reported cloud-to-cloud and
cloud-to-ground lighting. Reports of severe weather
and regular station observations indicated that the CFA
rainband decreased in convective intensity and areal
coverage as it passed into Missouri and Arkansas. The
NWS radar summaries (Figs. 3a,b) and the more de-
tailed NWS digitized radar depictions (Figs. 5d-f) in-
dicate that the CFA rainband was not continuous along
its length but divided into several smaller segments.
The even more detailed radar observations from the
NCAR CP-4 Doppler radar (Fig. 6) show that the large
segment of the CFA (Fig. 5¢) that stretched from the
Kansas—Oklahoma border into southern Nebraska was
composed of even smaller segments. Each such seg-
ment of the CFA was characterized by a line of fairly
continuous cumulonimbus clouds. Based on these radar
observations and the surface station reports, we con-
clude the CFA rainband was most likely composed of
multiple distinct lines of severe convection that resem-
bled squall lines. ’

¢. Model simulations and the vertical structure of the
CFA

The evolution and vertical structure of the CFA was
investigated using the Penn State—NCAR MM4 model

(Anthes and Warner 1978; Anthes et al. 1987). The
version of the model we used included a high-resolu-
tion planetary boundary layer (Blackadar 1979; Zhang
and Anthes 1982) and prognostic equations for water
vapor, cloud water, and rainwater. The terrain was rep-
resented by actual heights on a 0.5° X 0.5° latitude—
longitude grid. The domain contained 61 X 61 grid
points with a grid size of 45 km centered at 40°N,
96°W. The model atmosphere was divided into 23 lay-
ers from the surface to 50 hPa, and a sigma vertical
coordinate system was used. The model was initialized
using National Meteorological Center (NMC) gridded
data as a ‘‘first guess’’ field, supplemented by NMC
and global operational surface and rawinsonde data,
and snow cover and land-use data prepared and main-
tained by NCAR. The lateral boundary conditions were
linearly interpolated in time using observational data at
12-h intervals.

The model accurately reproduced the structure and
movement of the CFA and the drytrough over a model
run from 1200 UTC 8 March to 1200 UTC 9 March.
Figure 7 shows the model 500-hPa geopotential height
and temperature fields at 0300 UTC 9 March. These
fields are very good simulations of the actual fields,
some examples of which are shown in Fig. 4. A more
detailed comparison of the model results with real data
is given by Martin et al. (1995).

Figure 8 shows successive positions of the CFA at
500 hPa derived from the MM4 model outputs and the
surface positions of the drytrough derived from obser-
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FiG. 4. (a) As for Fig. 1a but at 2100 UTC 8 March 1992. Isotherms are contoured every 1°C.
(b) As for Fig. 1a but at 1200 UTC 9 March 1992.
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FiG. 5. National Weather Service digitized radar echoes (dark gray and black shading), shown within the white box only, superimposed-
on IR satellite imagery (white shading) at (a) 1800 UTC 8 March 1992, (b) 2100 UTC 8 Mar¢h 1992, (c) 0000 UTC 9 March 1992, (d) 0300
UTC 9 March 1992, (e) 0600 UTC 9 March 1992, and (f) 0900 UTC 9 March 1992. Also shown are the CFA at 500 hPa (heavy dashed
line), the surface positions of the drytrough (heavy scalloped line) and the low pressure center (L), and the pre-drytrough rainband (radar

echoes with dark gray shading).

vations. A time sequence of cross sections (derived
from the MM4 model outputs) of temperature, poten-
tial temperature, and the positions of the CFA and the
drytrough along line AA’ in Fig. 8 are shown in Fig. 9.
The positions of the CFA on these sections were de-
termined from the locations of the leading edge of cold-

air advection on constant pressure maps at various pres-
sures. However, there is also a good correspondence
between the positions of the CFA and the leading edge
of the temperature decrease.

Martin et al. (1995) showed that the drytrough in
this case had a warm frontal-like circulation to its east.
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FiG. 6. Radar echoes at 0743 UTC 9 March 1992
from the NCAR CP-4 radar at 0.4° elevation.

This circulation created an upward-sloping layer of po-
tentially unstable stratification. Figure 10 shows the
progression of the potentially unstable layer (4, de-
creasing with height) from 1200 UTC 8 March to 0000
UTC 9 March in a vertical cross section along line BB’
in Fig. 8.

As the CFA advanced eastward from the Rockies
over the Great Plains, three important simultaneous
changes occurred: in the structure of the atmosphere.
(These changes can be seen in Fig. 8, the four panels
of Fig: 9, and the three panels of Fig. 10.) First, as the
nose of the CFA moved eastward over the drytrough,
the CFA began to tip forward. Second, at the same time,
the potentially unstable layer of air associated with the
circulation of the drytrough continued to thrust upward
and eastward, away from the surface position of the
drytrough. This sloped lifting of the potentially unsta-
ble layer by the circulation associated with the dry-
trough helped to bring the potentially unstable layer
closer to saturation and therefore closer to realizing the
instabiligy inherent in the stratification. Third, as the
drytrough moved eastward, down the slope of the Great
Plains, the cold air at low levels to the west of the CFA
moved into the position of the drytrough. Downslope
flow and adiabatic warming removed much of the tem-
perature difference at the surface between the warm air
east of the drytrough and the sinking cold air (Martin
et al. 1995). This can be seen in the development of
the low-level axis of warm air over the drytrough (Figs.
9a—d). Although there was a temperature gradient on
the surface west of the drytrough, there was only a
slight potential temperature gradient in this region.
This suggests that the temperature gradient was simply
a manifestation of the sloping topography. However,
above the surface, a temperature gradient is apparent

CUMEXICOZ

FiG. 7. 500-hPa map at 0300 UTC 9 March from MM4 model
15-h forecast. Solid lines are geopotential height (m) and dashed lines
are isotherms (°C, contoured every 1°C). The CFA at 500 hPa is
shown by the heavy dashed line.

west of the CFA. As the CFA moved over the under-
lying region of warm-air advection and the upward-
sloping zone of potentially unstable air (see the axis of
warm temperatures ahead of the CFA in Figs. 9a and
9b), a warm occluded-like structure formed. Here, the

FiG. 8. Surface positions of the drytrough (scalloped lines with
times in UTC), and the positions of the CFA (dashed lines) at 500
hPa from MM4 model simulations. .
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drytrough is analogous to a surface occluded front, and
the CFA is analogous to an upper-level cold front. As
this structure moved eastward, cooling occurred first
aloft (with the CFA), while warming was continuing
at lowers levels ahead of the drytrough. As in the case
of a warm occluded front, the surface trough (dry-
trough) marks a wind shift and the transition from
warming to cooling.

Interestingly, the surface temperature gradient west
of the drytrough, which was produced by the sloping
terrain, contributed to the misanalysis by the NWS of
the drytrough as a cold front along the western slopes
of the Great Plains.

The shaded regions in Fig. 9 show the location of
upward air motion within the cold air derived from the
MM4 model. The primary area of upward motion oc-
curred where the advancing cold air was riding over
the general lifting in the warm-air advection east of the
drytrough. This lifting was responsible for the changing
shape of the CFA. Model results indicated that the adi-
abatic cooling due to rising air dominated over hori-
zontal temperature advection in determining the local
temperature tendency in the portion of the cold air that
moved over the surface drytrough and thus was instru-
mental in maintaining a distinct edge to the advancing
cold air.

We have seen that the MM4 model simulations in-
dicate that the lower atmosphere ahead of the advanc-
ing CFA was ‘‘primed’’ for severe weather by the cir-
culation associated With the drytrough. To explain the
outbreak of severe weather along the drytrough and
between the drytrough and the CFA after it passed over
the surface position of the drytrough, as well as the
isolated outbreaks of convection ahead of the CFA, we
will now discuss the thermodynamic conditions ob-
served at the time of the outbreak of convection and
trace the evolution of these conditions using both MM4
model simulations and observations.

3. Tropospheric destabilization east of the
drytrough

a. Background

In order for severe convection to occur, such as that
which characterized the CFA rainband in the case de-
scribed here, tropospheric air must be lifted and be-
come freely convective. The latter condition depends
on the thermodynamic stratification of the atmosphere
and its susceptibility to instabilities. The most potent
form of instability is potential instability, which permits
the formation of an absolutely unstable lapse rate (and
therefore convective overturning) provided there is
sufficient vertical lifting of the potentially unstabie
layer (e.g., Wallace and Hobbs 1977, 85—-86).

Atmosphere conditions in the south-central United
States on 8—9 March 1992 were ideal for the creation
of extreme potential instability. The surface drytrough
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was characterized by a strong flow of warm moist air
from the south at low levels, which was responsible for
the northward transport (immediately east of the dry-
trough) of air from the Gulf of Mexico that had very
high equivalent potential temperatures (8, > 330 K).
The southwesterly flow above 800 hPa was responsible
for the placement of low-6, air (which originally re-
sided over the high terrain of the southern Rockies and
Mexican Plateau) over the low-level moist air. Thus,
an axis of maximum potential instability (from the sur-
face to 700 hPa) was created immediately east of the
drytrough (Martin et al. 1995).

The sounding at Stephenville, Texas (SEP, location
shown in Fig. 8), at 2100 UTC 8 March 1992 is shown
in Fig. 11. A layer of uniform 6, air extended from the
ground to 720 hPa, and it was capped by a dry layer.
Between 720 and 700 hPa the change in 6, was 15 K,
whereas the change in 8, between the surface and 700
hPa was 20 K. Thus, 75% of the potential instability
from the surface to 700 hPa was accounted for in the
uppermost 20 hPa. The MM4 simulated sounding for
Stephenville at this time shows a moist layer with
nearly the same 6, profile as the actual sounding but
capped at 850 hPa. As a resuit, the potential instability
was spread over a vertical interval of 150 hPa. This
error in the moisture profile has a substantial effect on
instability. For example, based on the actual Stephen-
ville sounding at 2100 UTC 8 March, the layer from
720 to 700 hPa has to be lifted by only 20 hPa to create
an absolutely unstable lapse rate and convective over-
turning. By contrast, this same amount of lifting is woe-
fully insufficient to initiate convective motions in the
MM4 model sounding.

In view of these considerations, we employed a com-
bination of model outputs and measurements to explore
how the atmosphere may have become destabilized in
the hours (between 2100 UTC 8 March to 0000 UTC
9 March) leading up to the outbreak of convection
along the drytrough. We will show that different pro-
cesses were probably responsible for this destabiliza-
tion in the northern and southern portions of the region
where severe weather occurred.

b. Destabilization in the southern portion of the
region of severe weather

Stephenville is a representative sounding site for in-
vestigating changes in atmospheric stability in the
southern portion of the region in which severe weather
occurred. The sounding at Stephenville for 1800 UTC
8 March (Fig. 12) shows a deep, surface-based, uni-
formly high 6, layer extending up to 790 hPa. This layer
was characterized by air with 8, = 328 K, and it was
capped by a dry and almost isothermal layer (up to 700
hPa) in which 6, was approximately 318 K. Thus, the
layer from 800 to 750 hPa was intensely potentially
unstable. In fact, lifting of the 800-750-hPa layer by
Jjust 40 hPa would have caused convective overturning.
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However, the isothermal layer from 780 to 700 hPa
placed a considerable cap on surface-based free con-
vection. Therefore, despite the potential instability
present in the sounding, it was not susceptible to deep
convection.

By 2100 UTC the vertical stratification at Stephen-
ville had changed considerably (see Fig. 11). The most
notable changes were the depth of the uniform 8, layer
(from the surface to 720 hPa at 2100 UTC) and the
absence of the capping isothermal layer atop the low-
level moist air. The increased depth of the moist layer
probably resulted from the circulation associated with
the drytrough. Lifting would had to have been approx-
imately 8 cm s ™' during the period from 1800 to 2100
UTC to account for the observed 70-hPa deepening of
the moist layer. Further, if we assume that the capping
isothermal layer was lifted by a similar amount over
those three hours, then the capping isothermal layer
from 780 to 700 hPa that was present at 1800 UTC
would have been erased by 2100 UTC as a result of
differential adiabatic cooling.

To check the plausibility of this scenario, we com-
pared MM4 model-generated soundings for Stephen-
ville at 1800 and 2100 UTC. Although these soundings
were very inaccurate with respect to the moisture con-
tent of the atmosphere, the layer from 650 to 750 hPa
cooled by 1°C between 1800 and 2100 UTC in the

model simulation. Based on the instantaneous MM4
model-simulated values at 1800 UTC, horizontal
warm-air advection in this layer was about 4.2°C (3
h)~'. Therefore, assuming that the flow was dry adi-
abatic (a good assumption since no convection was re-
ported at Stephenville until nearly 0000 UTC 9
March), the net local cooling predicted by the MM4
model at Stephenville was due to horizontal warm-air
advection offset by an adiabatic temperature change
produced by vertical motions.

The magnitude of the vertical motions required to
offset the temperature rises due to the warm-air advec-
tion is roughly 10 cm s, which is very similar to the
value deduced (in a cruder fashion) from consideration
of the observed increase in depth of the moist layer in
the Stephenville sounding between 1800 and 2100
UTC 8 March. Lifting on the order of 10 cm s~ op-
erating on the extreme instability of the 720—700-hPa
layer in the 2100 UTC Stephenville sounding would
quickly manifest itself in severe convection, which, in
fact, occurred by about 2230 UTC 8 March 1992. We
conclude that in the southern portion of the region in
which severe weather occurred (Texas), the atmo-
sphere was destabilized by modest synoptic-scale ver-
tical velocities and associated adiabatic cooling, and
this removed the capping isothermal layer that had pre-
viously inhibited the development of deep convection.
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FiG. 11. Sounding for Stephenville, Texas (SEP), at 2100 UTC 8
March 1992. Temperature and dewpoint are plotted on a pseudoadi-
abatic diagram. Vertical solid lines are isotherms (°C). Sloping solid
lines are isentropes (K). Single dashed lines are constant saturation
mixing ratios (g kg™'). Double-dashed lines are pseudoadiabats [la-
beled in equivalent potential temperature (K)].

c. Destabilization in the northern portion of the
region of severe weather

Dodge City, Kansas (DDC, location shown in Fig.
8), is a representative sounding for diagnosing the de-
stabilization in the northern portion of the region
(Oklahoma and Kansas) in which severe weather oc-
curred. At 1800 UTC 8 March 1992, the sounding at
DDC was characterized by a fairly well mixed unsat-
urated layer of 8, = 322 K, which extended from the
surface (910 hPa) to 770 hPa (Fig. 13a). Directly atop
this layer, from 770 to 750 hPa, was a 2°C temperature
inversion. This inversion was coincident with a consid-
erable decrease in moisture content. Potential instabil-
ity was fairly large at the interface between the moist
layer below and the dry layer aloft, but it was restrained
from being released by the presence of the inversion.

By 2100 UTC the mixed layer of high-6, air had
deepened by 70 hPa to 700 hPa, but it was still capped
by a significant inversion (Fig. 13b). The inversion
explains the lack of convective activity in the vicinity
of Dodge City at this time. Between 2100 and 0000
UTC 9 March, this inversion was erased and replaced
by a layer of less, but still large, static stability from
680 to 630 hPa (Fig. 13c). The top of the moist layer
rose 30 hPa, from 700 to 670 hPa, during this time
period. Concurrently, there was modest cold-air advec-
tion at and near the 650-hPa level. The MM4 model

MONTHLY WEATHER REVIEW

VOLUME 123

simulation indicated that this advection produced a
cooling rate of (about) 2.8°C (3 h)~' (at the level of
maximum cold-air advection, 660 hPa). This cooling
was not sufficient to explain the observed 4°C (3 h) ™!
temperature change in the 700-620-hPa layer that
erased the inversion at Dodge City. Assuming, again,
that the rise of the top of the moist layer is evidence of
a general lifting of a similar magnitude throughout the
lower troposphere, then a combination of modest cold-
air advection and lifting of the column between 750
and 650 hPa by 30 hPa (~3 cm s™'), between 2100
UTC 8 March and 0000 UTC 9 March, would have
resulted in the observed removal of the capping inver-
sion at Dodge City during that period. Thus, a combi-
nation of weak synoptic-scale lifting and midlevel cold-
air advection probably acted to destabilize the sound-
ings in the northern portion of the region of severe
weather. Since the CFA moved through Dodge City
between 1800 UTC 8 March and 0000 UTC 9 March,
we attribute the cold-air advection to the midlevel baro-
clinic zone associated with CFA and the lifting of the
air to the circulations associated with the drytrough and
cold frontogenesis aloft. These processes could have
caused the general outbreak of convection between the
drytrough and the CFA as the latter moved east of the
drytrough.

4. Mechanisms for the formation of the CFA
rainband

The coincidence of the CFA and the CFA rainband
after 0300 UTC 9 March (Fig. 5) indicates their strong
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FiG. 12. As for Fig. 11 but for 1800 UTC 8 March 1992.
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connection. In this section we will show that two pro-
cesses contributed to the formation of the CFA rain-
band: frontogenesis (where quasigeostrophic theory
applies) and a change in the horizontal pressure gra-
dient under the nose of the advancing cold-air advec-
tion aloft (where quasigeostrophic theory does not
apply).

a. Quasigeostrophic frontogenesis

The first process (frontogenesis ) can be diagnosed
using quasigeostrophic dynamics. The CFA repre-
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FiG. 13. As for Fig. 11 but for Dodge City, Kansas (DDC),
at (a) 1800 UTC 8 March 1992, (b) 2100 UTC 8 March 1992,
and (c) 0000 UTC 9 March 1992.

sents a boundary between cold-air advection to the
west and warm-air advection to the east. Such a re-
gion of differential horizontal temperature advec-
tion is likely to be accompanied by a thermally di-
rect vertical circulation. Evidence for such a circu-
lation can be obtained by using the Q vector to
diagnose the synoptic-scale environment in which
the CFA rainband developed, where convergence
(divergence) of Q implies upward (downward)
vertical motion (Hoskins et al. 1978). Here Q is de-
fined as
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The Q vector can be used also to determine the qua-
sigeostrophic frontogenesis function F (i.e., the La-
grangian rate of change of |V¢| following the geo-
strophic flow) from the following expression:

1
F Vol (Q-V0b).
In regions where the Q vectors are directed across the
isotherms from cold to warm air there is frontogenesis,
which will be accompanied by a thermally direct ver-
tical circulation. Figure 14a shows the Q-vector con-
vergence at 500 hPa at 2100 UTC 8 March calculated
from the MM4 model (2100 UTC was chosen as a
representative time; similar patterns were observed at
other times). The Q-vector convergence located in
south-central Colorado is related to the development of
the surface low pressure center. The region of Q-vector
convergence stretching from the eastern Texas panhan-
dle toward the Rio Grande is associated with the CFA.
This region is coincident with the axis of maximum
potential instability and the outbreak of severe convec-

tion along and to the east of the-drytrough.

Values of F at 500 hPa at 2100 UTC 8 March are
shown in Fig. 14b. An axis of frontogenesis, associated
with the CFA, stretches from the Texas panhandle to
the Rio Grande. The thermally direct vertical circula-

@)
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tion that must be associated with this frontogenetic re-
gion is exactly that implied by the divergence of Q
shown in Fig. 14a. As the CFA propagated eastward,
it maintained its frontogenetic characteristics and there-
fore remained the seat of a thermally direct vertical
circulation coincident with the CFA rainband.

As pointed out by Sanders and Hoskins (1990), qua-
sigeostrophic theory can be used with confidence to
describe only the broad aspects of the vertical motion
field, not mesoscale details. The CFA rainband was a
mesoscale feature with a very narrow width (Fig. 6).
The mesoscale nature of this rainband can be explained
in part by the fact that synoptic-scale forcing was su-
perimposed on a region of mesoscale potential insta-
bility. Such conditions can produce narrow bands of
precipitation within broad frontal zones (Sanders and
Bosart 1985; Moore and Blakely 1988; Martin et al.
1992).

b. Cold-air advection

In the region of upward motion associated with the
CFA, the leading edge of cold-air advection may have
acted to enhance the vertical motion below the nose of
the cold air. This is the second procéss that contributed
to the formation of the CFA rainband.

Figure 15 shows the magnitude of the surface pres-
sure gradient at 0300 UTC 9 March and the positions
of the surface drytrough and the CFA at 500 hPa. Sur-

face observations indicate that the pressure was falling

(b)

FiG. 14. (a) Q-vector convergence at 500 hPa at 2100 UTC 8 March 1992 (107'® K m~? s%). Also shown are geopotential heights (m,
contoured every 30 m; heavy solid). The heavy dotted line is the axis of Q-vector convergence associated with the CFA. The heavy dashed
line is the position of the CFA at 500 hPa. (b) Quasigeostrophic frontogenesis (107" K m™' s™') at 500 hPa at 2100 UTC 8 March 1992.
The heavy dotted line is the axis of frontogenesis associated with the CFA, and the heavy dashed line is the position of the CFA at 500 hPa.
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FiG. 15. Magnitude of the surface pressure gradient (10~ hPa m™',
contoured every 20 X 1077 hPa m™') predicted by the MM4 model
simulations at 0300 UTC 9 March 1992. The heavy dashed line is
the 500-hPa position of the CFA, and the surface position of the
drytrough is indicated by the scalloped line.

everywhere east of the drytrough. Accordingly, based
on the pattern shown in Fig. 15, a surface station would
have experienced an increase in the rate of fall of pres-
sure as the CFA approached and then a decrease in the
rate of fall of pressure as the CFA passed overhead.
Coincident with this change in the rate of pressure fall
at the surface was surface convergence (Fig. 16) and
related upward vertical motion at 850 hPa (Fig. 17).
The convergence and upward vertical velocity associ-
ated with the CFA were distinct from the convergence
and upward vertical velocity aligned with the drytrough
farther west.

Figures 4 and 9 show that the passage of the CFA
was accompanied by a gradual warming of the atmo-
sphere ahead of the CFA and subsequently more rapid
cooling of the portion of the atmosphere behind the
CFA. This warming—cooling couplet could account
(hydrostatically ) for the change in the rate of pressure
fall at the surface that was coincident with the passage
of the CFA and the related convergence and upward
air motion beneath the nose of the CFA.

The rapid change in the pressure gradient beneath
the nose of the CFA would have produced convergence
in the following manner. Since the CFA moves relative
to air parcels beneath its nose, parcels that are in geo-
strophic balance ( excluding friction) will have to (geo-
strophically) adjust to the rapidly changing pressure
gradient associated with the migrating CFA. It is this
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adjustment that leads to convergence and upward mo-
tion of air. Since the time period for this adjustment is
about 1 h, geostrophic balance is never attained for
such parcels. Indeed, the rate of change of the pressure
gradient is fast enough that the equations for the isal-
lobaric wind (which assume that the component of the
wind along the isobars is always in geostrophic balance
with the changing gradient) do not apply.

To test this hypothesis we did a 2D numerical cal-
culation. The grid was 20 km X 11 km, with a 50-km
horizontal resolution and 1-km vertical resolution. We
assumed a constant speed for the CFA of 10 ms™'
(derived from Fig. 9) and a time step of 5000 s. The
calculation was based on temperature data produced by
the MM4 model simulation valid at 0300 UTC 9 March
1992 at and above 5 km in the region where the cold-
air advection was initiated; below 5 km a constant hor-
izontal temperature field was used. From the initial
temperature distribution we obtained the pressure field
by downward integration of the hydrostatic equation.
As a boundary condition, we assumned that at the top
of the grid (10 km) the pressure had a constant value
of approximately 264 hPa. Although the assumption of
a constant value of pressure at 10 km is unrealistic, it
allows determination of the nature of the signal gen-
erated on the surface by the movement of the cold air
aloft associated with the CFA. From the resulting pres-
sure gradient, the cross-isobaric acceleration and the
cross-isobaric wind at the end of each time step can be
calculated. Since the resulting winds were less than 10

S Y 2

FiG. 16. As for Fig. 15 but for divergence (solid lines) and con-
vergence (dashed lines) labeled in 107> s™' and contoured every 2
X 107 57",
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Fic. 17. Upward vertical air motions (dashed lines) and downward
vertical air motions (solid lines), labeled in 107° hPa s™' and con-
toured every 107 hPa s™', at 850 hPa at 0300 UTC 9 March 1992,

m s~ and the time step was only 5000 s, we assumed

that the Coriolis force would not significantly change
the magnitude of the cross-isobaric wind. We also as-
sumed that mass transfer from the convergence would
not significantly affect the pressure field. Using the
cross-isobaric wind, we derived the vertical air velocity
by integrating the mass convergence form of the con-
tinuity equation.

Figure 18 shows a portion of the calculation domaln
at the end of the first time step. The resulting temper-
ature distribution, the surface pressure pattern, and
some values of cross-isobaric winds, convergence, and
vertical velocity are shown in this figure. The regions
of strongest upward vertical motion (~15-32cm s™')
occurred below and slightly behind the nose of the
CFA. The vertical velocities at 1.5 km are larger but
not appreciably different from those derived from the
MM4 model at 850 hPa. We conclude that the intrusion
of the CFA and the concurrent rate of change of the
pressure gradient provided significant upward motion
in the lower troposphere in a narrow band that was
coincident with the nose of the CFA.

In section 3a we showed that prior to the passage of
the CFA the lower levels of the atmosphere were po-
tentially unstable and close to becoming absolutely un-
stable. If vertical motions on the order of 20 cm s™!
were applied to this potentially unstable air over the
course of 5000 s by the mechanism described above,
absolute instability would have been produced.
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We conclude that quasigeostrophic frontogenesis
lifted air primarily ahead of the elevated nose of the
cold-air advection aloft. From the surface up to the base
of the cold air aloft changes in the horizontal pressure
gradient produced by the passage of the CFA were pri-
marily responsible for the lifting of the air. We propose
that the initial trigger for the CFA rainband was con-
vergence below the leading edge of cold-air advection;
since this convergencé was concentrated below the
nose of the CFA in the potentially unstable layer, it
would have lifted the entire layer. This process was
enhanced by lifting aloft at the nose of the CFA. To-
gether these processes provided ample lifting through-
out the troposphere to maintain the CFA rainband..

5. Discussion and summary

It is well established that the elevated cold baroclinic
zones of warm occlusions are often associated with sig-
nificant upward vertical air motions, clouds, and pre-
cipitation that produce a rainband along the leading
edge of the cold baroclinic zone and changes in the rate
of fall of pressure at the surface as the rainband passes
overhead (e.g., Kreitzberg and Brown 1970; Houze et
al. 1976; Hobbs and Locatelli 1978; Matejka et al.
1980; Matkovskii and Shakina 1982). It is not surpris-
ing, therefore, that cold baroclinic zones aloft or cold
frontogenesis aloft (CFA ) in warm occluded-like struc-
tures east of the Rocky Mountains are also associated
with rainbands. In this paper we have described one
such rainband, which took the form of a series of squall
lines that produced severe weather. Other examples
have been described by Locatelli et al. (1989), Sien-
kiewicz et al. (1989), Geerts and Hobbs (1991), Mar-
tin et al. (1990), Hobbs et al. (1990), and Steenburgh
and Mass (1994). S

However, there are important differences between
the occluded-like structures that occur east of the Rock-
ies and their oceanic counterparts. As a region of CFA
approaches the position of a lee trough over the western
slopes of the Great Plains, the warm frontal-like cir-
culation associated with the lee trough superimposes
subsiding air off the Rocky Mountains over air moving
north that is located east of the lee trough. If the lee
trough has the characteristics of a dryline (so that it
forms a drytrough), then the warm- frontal-like cir-
culation superimposes warm dry (low 8,) air from the .
high plateaus and subsiding air off the Rocky Moun-
tains over warm moist (high 8,) air from the Gulf of
Mexico in an upward-sloping zone that is characterized
by extreme potential instability (Fig. 19a). As the CFA
interacts with the drytrough, it tips forward to form an
occluded-like structure (in which the drytrough is anal-
ogous to the warm-frontal portion of a classical occlu-
sion). Two regions of upward motion are associated
with the CFA (Fig. 19b). The higher region, which is
situated ahead and above the nose of the CFA, is the
upward branch of the thermally direct circulation that
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FiG. 18. Cross section showing 2D numerical model results at the end of the first time step. The solid lines are
isotherms from MM4 model simulations at 0300 UTC 9 March 1992. The dashed lines are isotherms. Model calculated
vertical velocities (m s™') are shown above the grid points. Pressure (hPa), wind speed (m s™'), and divergence (107°
s™") at the surface are listed below each surface grid point. The region of the cold-air advection aloft is shown by the

shading.

is maintained by frontogenesis. The lower region of
upward motion is the result of rapid changes in the
pressure gradient beneath the nose of the CFA as it
passes overhead. This produces ageostrophic winds and
convergence as air parcels adjust to the changing pres-
sure gradient. As the potentially unstable air mass is
lifted to saturation, it triggers the formation of a con-
vective CFA rainband, which moves eastward with the
CFA, away from the drytrough (Fig. 19¢). By contrast,
the rainbands associated with cold baroclinic zones
aloft in classic warm occlusions are generally strati-
form in nature.

Browning (1985) suggested that the upper cold
fronts of split fronts are a major cause of squall lines
in the central United States. Browning was correct in
the sense that CFA (or upper cold fronts in Browning’s
terminology ) can cause squall lines. However, the CFA
structures described in this paper are not split fronts
(i.e., a cold front aloft over a warm sector), nor did
they form in the manner described by Browning and
Monk (1982). Instead, the structures we have de-
scribed are like warm occlusions in which a lee trough
(or drytrough in some cases ) east of the Rocky Moun-
tains acts as the surface warm front (Locatelli et al.

1989; Hobbs et al. 1990; Steenburgh and Mass 1994 ).
Thus, in these systems the region analogous to the clas-
sic warm sector of a warm occlusion is located west of
the surface position of the lee trough, not east of it as
required by the split-front model. Figure 20 summa-
rizes the essential differences between the split-front
model and our model for CFA. In Fig. 20a (split front)
the broad darker-shaded arrow represents the conveyor
belt (high-6,, flow), which, relative to the moving sys-
tem, travels ahead of the surface cold front within the
warm sector before rising and turning to the right above
a warm-frontal zone. The lighter-shaded arrows rep-
resent dry air (low-6,, flow); this air overruns the con-
veyor belt, and its leading edge marks the position of
the upper cold front. In Fig. 20b (CFA model) the
broad darkest-shaded arrow represents the conveyor
belt (high-6, flow), which, relative to the moving sys-
tem, travels ahead of the surface lee trough before ris-
ing and turning to the right in a warm frontal-like zone.
The medium-shaded arrow represents low-6,, air that,
relative to the moving system, moves over the lee
trough, rising and turning to the right above the high-
0., flow. The lightest-shaded arrows represent dry cool
air (low-6,. flow); this air overruns the other two
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FIG. 19. Schematics showing the formation of a CFA rain-
band, containing several squall lines, east of the Rockies. (a)
The flow of warm, dry low-§, air from the Rockies and warm,
moist high-6, air from the Gulf of Mexico form an upward-
sloping potentially unstable region east of the drytrough. (b)
The regions of upward air motion associated with the CFA.
(c) The location of the CFA rainband with respect to the CFA
and the drytrough.
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FiG. 20. (a) Schematic portrayal of a split front in plan view adapted from Browning and Monk
(1982). The broad darker shaded arrow represents the conveyor belt (high-6,. flow), which, relative
to the moving system, travels ahead of the surface cold front before rising and turning to the right
above a warm-frontal zone. The lighter-shaded arrows represent dry air (low-8,. flow); this air
overruns the conveyor belt, and its leading edge marks the position of the upper cold front. Surface
fronts are shown by standard symbols. (b) Schematic plan view of the CFA model. The broad
darkest-shaded arrow represents the conveyor belt (high-6,, flow), which, relative to the moving
system, travels ahead of the surface lee trough before rising and turning to the right in a warm
frontal—like zone. The medium-shaded arrow represents low-6,. air that, relative to the moving
system, moves over the lee trough, rising and turning to the right above the high-6,. flow. The
lightest-shaded arrows represent dry cool air (low-8,. flow); this air overruns the other two airflows,
and its leading edge marks the position of the CFA.
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airflows, and its leading edge marks the position of
the CFA.

Early research, such as that of Crawford (1950),
Armstrong (1953), and Omoto (1965), showed that
cold baroclinic zones aloft (i.e., CFA) were an impor-
tant factor in the formation of severe weather east of
the Rocky Mountains. More recent research (refer-
enced previously in this paper), which has focused on
detailed case studies in which CFA rainbands were as-
sociated with severe weather and squall lines, supports
this view.

In this paper we have shown that the dynamics of
CFA can lift potentially unstable stratified air masses
and trigger severe convection and squall lines. Subse-
quently, the structure of the CFA is ideally suited to
sustain a squall line. The synoptic-scale pool of cool
dry air behind the nose of the CFA is a source of low-
0. air, which supplies the rear inflow air that is needed
to evaporate precipitation and maintain the squall line
(e.g., Smull and Houze 1985). Also, the cooling pro-
duced by the evaporation of precipitation in the dry air
behind the CFA and the release of latent heat ahead of
the CFA can strengthen the CFA. We surmise that the
whole system acts in a synergistic way to lock the
squall line to the CFA: as the CFA triggers the squall
line, the dynamics and thermodynamics of the squall
line strengthen the CFA, which further strengthens the
squall line.

We conclude that CFA provides a major triggering
and sustaining mechanism for severe weather (squall
lines and tornadoes ) in the central United States in win-
ter and early spring. Since operational weather fore-
casting numerical models (e.g., the NWS Nested Grid
Model) and mesoscale research models (e.g., the Penn
State—NCAR MM4 and MMS5 models) can predict the
location and movement of CFA [see, e.g., Hobbs et al.
(1990); and section 2 of this paper], the interpretation
of these model outputs in light of the importance of
CFA should lead to improved forecasts of severe
weather in the central United States.
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