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ABSTRACT

This study of the Oklahoma-Kansas area on 10 May 1985 undertakes to explain why severe convection
developed in only a small portion of northwestern Kansas despite large potential instability for surface air over
the entire region and despite the approach of a mobile upper-level trough from the southwest. Special soundings
from the O-K PRE-STORM program showed that a persistent thermodynamic lid above the warm moist
surface boundary layer separated this layer from the middle and upper troposphere in which the instability
could be realized and was almost completely effective in suppressing deep convection.

Only one of the soundings with these characteristics showed temporary removal of this lid, and the only
convective storm developed near the place and time of this removal. This coincidence points to removal as the
likely, although not certain, cause. Isentropic trajectories showed that adiabatic lifting was the cause, and that
this lift was part of a series of mesoscale waves with wavelengths of about 200 km, vertical extent from 1 to 5
km above the ground, and crests approximately parallel to the wind shear in this layer. The shear was highly
ageostrophic, representing a strong transverse circulation in the exit region of a jet streak. Thus, the jet dynamics
were responsible only indirectly for the convective outbreak by providing a favorable environmental shear for
the directly responsible mesoscale disturbance.

A series of prominent mesoscale oscillations of surface dewpoint along the northwestern boundary of the
moist surface layer began coincidentally with the convective development and is considered to have been caused
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by it.

1. Introduction

On 10 May 1985, indications pointed to the devel-
opment of severe convection in Oklahoma and Kansas,
and the observational facilities of the O-K PRE-
STORM (Oklahoma-Kansas Preliminary Regional
Experiment for STORM-Central ) program (Cunning
1986 ) were readied. (The project area is seen in Fig.
1.) Only a single group of extremely severe thunder-
storms developed in western Kansas, moving rapidly
northeastward out of the network, as described by
Zacharias (1989). An account by Meitin and Cunning
(1985) states ruefully that “this case should prov([id]e
valuable data for studying why there was little intense
convection within the PRE-STORM network when so
many ingredients appeared to be present.” This paper
reports such a study.

Our approach is to resist the traditional appeal to
“indications” or “ingredients” as described in a his-
torical account by Schaefer ( 1986 ), however successful
it has been in development of the present modest pre-
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dictive skill. We rely instead on a simple physical con-
sideration: intense convection will occur provided that
large convective available potential energy (CAPE) is
present in the air column and provided that the typical
negative area (CIN, or convective inhibition) below
the level of free convection for surface air is somehow
removed or reduced to a small value that can be over-
come by random cloud-scale pulses at the top of the
surface boundary layer. The importance of this inhib-
iting negative area has been shown by Colby (1980,
1984) and by Carlson et al. (1983). The question is
how it was removed in this case. Soundings of the initial
structure revealed the “loaded gun” of Fawbush and
Miller (1952), characteristic of severe convective sit-
uations in the central United States. The relatively
dense network of soundings during O-K PRE-STORM
appears to have provided an example of a tornado
proximity sounding of the type described by Beebe
(1958) and a unique opportunity to study how this
“smoking gun” came about.

We do not inquire about how the area of large CAPE
came about. We do not consider the specific dynamics
of the interaction of the cumulus itself with its envi-
ronment, so the precision with which we can specify
the time and place of the outbreak of convection will
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FIG. 1. Analyses at (a) 850 mb and (b) 500 mb at 1200 UTC 10 May 1985. Analyses for the same levels at 0000 UTC 11 May are shown
in (¢) and (d). The solid lines are height contours and the dashed lines in (a) and (c¢) are contours of thickness of the layer between these
two levels. Dashed lines in (d) are isallohypses for the 12-h period at 30-m intervals. Labels are in meters. The stippled areas in (a) and (c)
indicate dewpoints greater than 10°C. The heavy solid line is the boundary of the PRE-STORM observational area. The observation from
Dodge City is denoted by DDC and the large dot is the location of the first radar echo at 1936 UTC. The plotting is conventional, with one
full wind barb denoting a speed of 5 m s~!. The number at the lower left of the station circle is the dewpoint depression, for which “X”

indicates a relative humidity less than the limiting value of 20%.

be limited to an hour or two and to a few tens of ki-
lometers. Finally, we do not ask what kind of convec-
tive system develops, although the data are certainly
adequate to evaluate the prospects according to the
methods advanced by Weisman and Klemp (1982,
1984), Davies-Jones (1984), and Davies-Jones and
Burgess (1990). In fact, Davies-Jones and Zacharias
(1988 ) showed that streamwise vorticity in the vicinity
of this storm favored its tornadic character.

We focus only on the removal of the negative area
and the initiation of intense convection. In so doing,
we echo Beebe’s (1958) conclusion that “tornado fore-
casting research . . . must take into account the man-
ner in which the conversion from the precedent sound-
ing to the proximity sounding is effected.”

2. The synobtic situation

On the morning of 10 May, there was a broad south-
erly flow of warm air in the lower troposphere over the
central plains, and high moisture in the surface layer
extended to 850 mb in or near the western portion of
the network (Fig. la). During the day, the thickness
of the layer from 850 to 500 mb increased in the south-
erly flow (Fig. 1c), responding to heating of the surface,
as a 4350-m center of high thickness appeared near
the northwest corner of the area. In the midtropo-
sphere, a sharp mobile trough was in southern Cali-
fornia at 1200 UTC. During the following 12 h, this
trough moved rapidly northeastward, as seen in Figs.
1b and 1d, with a center of height falls in western Col-
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orado and brisk rises on the California coast. This sug-
gests a marginal impact on the northwestern corner of
the PRE-STORM area and stronger forced vertical
motions to the northwest.

At both 1200 and 0000 UTC, Q-vector diagnostics
(Hoskins et al. 1978; Barnes 1985) supported this view,
indicating weak synoptic-scale ascent {not shown) in
Oklahoma and Kansas. The weak forcing is not sur-
prising, considering the small temperature gradient in
the broad ridge of warm air shown in Fig. 1. Similar
diagnostics by Zacharias ( 1989) produced comparable
results. The thermal wind for the layer from 850 to
500 mb was northerly at about 5 m s %, corresponding
to a horizontal gradient of mean temperature of about
0.3 K (100 km)~!. Although the situation was not ideal
because the strong synoptic-scale forcing for ascent was
too far northwest, the impingement of the forcing on
a region of considerable instability made for a difficult
forecast decision. Significant convection could not be
forecast with assurance, but neither could it be dis-
missed as unthreatening (or unpromising).

3. A closer look

Routine surface stations and the special mesonet-
work delineated a filament of especially moist air in
the southerly flow (Figs. 2a-4a), which is bounded to
the east by cooler and drier air produced by previous
convection (Fig. 2b) and to the west by drier and po-
tentially warmer air. At 1800 UTC (1200 CST), the
western contrast in dewpoints was sufficiently strong
to denote the structure convincingly as a dryline
(Schaefer 1974a) only in southwestern Kansas (Fig.
2a), but during the afternoon, the contrast strengthened
from western. Texas to southern Nebraska (Fig. 4a),
as often happens. No other prominent mesoscale fea-
tures were evident in the PRE-STORM area, although
a cold front appeared in the area shown in the north-
west corner of Fig. 4a.

The radar summaries (Figs. 2b-4b) indicate broadly
what happened. Aside from the activity already in
progress at 1735 UTC, which was mostly weak and in
any event not rooted in surface convection, the only
new development in the PRE-STORM area centered
on the intense echo appearing at 2035 UTC in western
Kansas (Fig. 3b). Its growth, according to the detailed
analysis by Zacharias (1989), was extremely rapid,
from an origin at 1936 UTC to VIP level' 5 only. 10
min later. The location of origin was about 75 km
north-northwest of the sounding site at Dodge City,
Kansas (DDC). Zacharias (1989) also notes the ini-
tiation of a nearby second cell at 2114 UTC, about
120 km north of DDC, also shown in Fig. 3a. It reached
an intensity of VIP level 6 after 30 min, merged with

' VIP levels 1-6 correspond to reflectivities of 20, 30, 41, 46, 50,
and 57 dBZ.
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the first storm by 0000 UTC, and never appeared as a
separate entity in the radar summaries.

The special PRE-STORM rawinsondes made pos-
sible an unprecentedly detailed description of the state
of the atmosphere and its evolution in this case. In the
analysis of soundings, we addressed only convection
originating from surface air. The rationale for using
the surface data rather than the mean over some depth
of the boundary layer was discussed by Sanders (1986).

For each sounding, the surface parcel was lifted dry
adiabatically to condensation, then lifted pseudoadi-
abatically. The virtual temperature of the lifted parcel
was compared with the ambient value up to the level
above which it was always colder than its environment.
In some instances where the sounding terminated in
the upper troposphere at a level where the lifted parcel
was warmer than the environmental air, the structure
was estimated by interpolation in time. Integrals, with
respect to the environmental temperature, of the frac-
tional excess and deficit of parcel temperature were
separately evaluated, yielding positively (CAPE) and
negatively buoyant (CIN) areas, respectively, on a
thermodynamic diagram. Results appear in parts (¢)
and (d) of Figs. 2~4. Small contributions from the sur-
face boundary layer aside, the positive area (provided
it existed at all) extended typically from about 700 to
200 mb, while the negative area (undefined if there
was no positive area) lay from about 850 to 700 mb.

Since the integrals represent energy, they can be in-
terpreted as the kinetic energy of vertical motions. The
vertical motions have an intuitive appeal absent in en-
ergy units and can be obtained by taking the square
root of twice the energy value in joules per kilogram.
The positive area represents the hypothetical updraft
at the top of the positive area starting from rest at the
base, with no account taken of dilution, condensate
loading, or perturbation-pressure forces. With similar
assumptions, the negative area represents the lower
limit of the vertical velocity that a parcel would require
on entering the base of the layer in order to penetrate
it. As illustrated by contours of vertical motion in Figs.
2d-4d, positive areas were found to range upward to
near 100 m s™', whereas negative areas were as large
as 30 m s™'. Since the typical boundary-layer parcel
velocities of cloud scale at the base of the negative layer
are a few meters per second at most, it is clear that
only a small negative area is sufficient to inhibit the
initiation of convection, as noted by Colby (1980).

In preparing the analyses along the western edge of
the positive area in Figs. 2d-4d, close attention was
paid to the surface dewpoint analyses so that the effect
of the drier air to the west was taken into account as
well as possible. The temporal continuity of this pos-
itive area was quite clear. The elongated region of ex-
plosive convective potential intensified slowly from
1800 to 0000 UTC, reflecting a slow increase in the
heat and moisture content of the surface layer. The
zone of sharp drop of negative area evidently coincided
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F1G. 2. For 1800 UTC 10 May, (a) analysis of surface potential temperature (dashed lines) at 4-K intervals and dewpoint (solid lines)
at 4°C intervals. Surface winds are plotted conventionally for routine stations and for four corner stations of the surface mesonetwork
denoted P. The location of DDC is indicated, as is the location of the first radar echo at 1936 UTC. (b) VIP levels from manually digitized
radar. (c) and (d) Isopleths of negative area (dashed at intervals of 5 m s™') and positive area (solid at intervals of 20 m s™') for surface
air. The plotted data at each station include the surface wind and the values of the positive and negative areas in joules per kilogram.

with the zone of sharp decrease of positive area, or lay
just west of it, since extensive deep convection did not
occur. Even this set of special soundings, however, was
not sufficient to document the situation with certainty.

There was a single clear exception. Note that the
modest negative area (12 m s~!) at DDC at 1800 UTC
had vanished by 2100 UTC. The soundings for these

two nominal times are shown in Fig. 5. The prominent
capping inversion at the earlier time was much weak-
ened and higher at the later time, although it continued
to encompass the range of potential temperature
around 310 K. The positive area grew from 85 to 93
m s~! during this period because of warming and
moistening of the surface boundary layer and despite
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FiG. 3. Same as Fig. 2 but for 2100 UTC 10 May. In (b) the dots represent the locations of the two storm echoes at this time.

slight warming above the lid. Since this station was
almost directly upwind in the low-level flow from the
sudden severe thunderstorm development noted above,
the disappearance of the negative area was almost cer-
tainly related to the nearly simuitaneous outbreak of
intense convection. '

A substantial negative area had reappeared at DDC
by 0000 UTC (Fig. 4c), and a shallow capping stable
layer was lowered to 850-827 mb (not shown). No
other sounding with substantial positive area in the
PRE-STORM network showed disappearance of the

negative area at the times shown in Figs. 2-4 or at
1930 or 2230 UTC when observations were made at a
limited number of stations (not including DDC, un-
fortunately). No other new radar-observed convection
occurred in Kansas or Oklahoma.

The answer to the problem posed by Meitin and
Cunning (1985), then, is simply that the negative area
over almost all the region of large CAPE remained in
place. The brief removal shown by the 2030 UTC DDC
sounding represents the “smoking gun,” and the prob-
lem becomes the question of why it was fired. In ad-



138 MONTHLY WEATHER REVIEW VOLUME 121
TN
224
3/ 243 48
Ty 35
L 2 468
1 o4
4
1
DDC
3
14 i
31 .
S 1 I
) 11 ~
N i
v 6 \ 300 < 20| ) lll §2§§2 ;
304 \ { 11 |
~| \ \ W \ NN N1ty 33
B i > \ > 200 km \‘ / ,J]I 1 232 -'\‘1
+0 )\ \ — b 113421-MAY-1985 0035 UTC
{]
/ %8 1300
4 \\ 170

9’;120
/

28 3960 25 4045 25 2900 24 1240
1’9 020)16 20&120 » 205/
)

AAAAAA 34600 25 2960 4 1060
e\s;’fs/ﬁ 135 4225

™3834250 4 1600 26 1380 \
i 22 \BO %% 180 19\160 .0

F1G. 4. Same as Fig. 2 but for 0000 UTC 11 May.

dition to Beebe (1958), Bluestein et al. (1988, 1989,
1990) made isolated soundings in the immediate vi-
cinity of intense convection that likewise show no neg-
ative area, but the network of PRE-STORM soundings,
adjacent in space and time to the crucial one, makes
this case a unique opportunity.

4. Mechanisms

A negative area can be eliminated simply by heating
the boundary layer until “convection temperature”

(Petterssen 1956, p. 140) is reached, with no modifi-
cation above. That was probably not the case here be-
cause surface temperatures in the PRE-STORM area
never beécame sufficiently warm. It can be seen in Fig.
5 that convecti(_)n temperature for the 1745 UTC
sounding was about 31°C, 3°C warmer than the tem-
perature reached at 2030 UTC. We will see, however,
that temperaturés in the mesonet adjacent to the out-
break approached this value, hence our lack of cer-
tainty.
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FI1G. 5. Soundings of temperature and dewpoint for DDC at 1745
UTC (solid) and 2030 UTC (dashed) plotted on a skew T-logp
diagram. A reference dry adiabat, for potential temperature 310 K,
and a saturation adiabat, for wet-bulb potential temperature 24°C,
are shown as thin dashed lines.

Otherwise, the removal of the lid over the moist sur-
face layer must be a consequence of an ageostrophic
circulation. The ascending limb may produce adiabatic
cooling of the lid while having little effect on the
boundary layer. The horizontal limb may lead to an
advance of the boundary-layer air out from under the
lid, in the “underrunning” scenario of Carlson et al.
(1983). This mechanism requires that at the level of
the lid, the air must be colder to the west than in the
lid area itself. Since in this case the air to the west was
evidently slightly warmer, we are left with adiabatic
ascent as the likely mechanism for the cooling shown
in Fig. 5 between 830 and 760 mb.

5. Isentropic analysis

Pressure distributions on the 310-K isentropic sur-
face before and after the disappearance of the negative
area at DDC are shown in Fig. 6. At 1800 UTC, the
pressure increased monotonically from east to west
across Kansas to just west of DDC, where the surface
descended abruptly to the ground. (No attempt was
made to portray possible superadiabatic structure in
the drier air to the west.) In Oklahoma, some irregu-
lanty was indicated, superposed on a general westward
increase of pressure.

Three hours later (Fig. 6b), substantial irregularity
of the surface from station to station was evident in
Kansas. The sharp pressure fall at DDC was one of a
series of rises and falls with a zonal wavelength of no
more than 250 km. The spacing of the observations
does not permit an unambiguous analysis of the vari-
ations. Aliasing is possible but the pattern shown is
consistent with all the data at this and adjacent times.
Although there was some midlevel cloudiness, air at
this level was unsaturated and remained above the sur-
face boundary layer. Thus, potential temperature must
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have been nearly conserved, and since the horizontal
flow pattern was relatively smooth, it is clear that the
oscillations represent the effects of vertical displace-
ments.

A reasonable analysis of the local oscillations of
pressure on the 310-K isentropic surface from 1200
UTC 10 May to 0300 UTC 11 May is documented in
Figs. 7 and 8. The lack of soundings between 1200 and
1800 UTC makes it impossible to say with confidence
that mesoscale oscillations were not present then, but
the variation of pressure with distance was quite smooth
at both of these times. Further, there was no evidence
of the oscillations in the soundings at UMN at any
time, so they may have been restricted to Kansas and
Oklahoma. The analysis suggests a period of 3-4 h,
not far from the 4.5-h period estimated by Davies-Jones
and Zacharias (1988, hereinafter DJZ). Northward and
eastward progression at about 20 m s™! is indicated,
with wavelengths of 200-300 km in these directions.
A northwest-southeast orientation of the waves and a
phase speed of about 14 m s™! are thus implied.

The component of the wind from 225° was calcu-
lated for each observation at the standard pressure lev-
els from 850 to 300 mb from 1800 to 0000 UTC at all
stations in Kansas and Oklahoma. The results, in Table
1, show speeds through the layer below 400 mb were
only slightly faster than the phase speed of the waves,
so that propagation was slight.

To obtain as complete as possible a picture of the
vertical displacements, trajectories were constructed on
each of a set of isentropic surfaces at intervals of 2 K
from 306 to 320 K for the 3-h periods from 1800 to
2100 UTC and from 2100 to 0000 UTC. Trajectories
were selected that began or ended at the location of an
observation to minimize uncertainty due to the pres-
sure analysis. For trajectories beginning at such a point,
a straight 1.5-h displacement was laid out downstream,
with a direction and length corresponding to the 1800
UTC observation. Then interpolation among the ob-
servations for 2100 UTC was used to find a direction
and speed that when projected backward the length of
a 1.5-h displacement would meet the end of the first
segment. For observations terminating at an observa-
tion point, this procedure was applied appropriately
reversed. The trajectories were not difficult to obtain
because the variation of the wind, on the scale of the
displacement segments, was not large. Finally, the
change was noted between pressures at the observation
point and the interpolated point.

As an example of the results, Fig. 6¢ shows the pres-
sure changes along the trajectories from 1800 and 2100
UTC on the 310-K surface applied at the midpoint of
each trajectory. Maximum values of about 60 mb cor-
respond to mean vertical motions of about 6 cm s,
Values were as large as they were, despite lack of prop-
agation of the waves with respect to the mean wind
over much of the domain, because of the substantial
growth and weakening of the waves and the variability
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(b)

(c)

FIG. 6. Isobars on the 310-K isentropic surface for (a) 1800 UTC
and (b) 2100 UTC, and (c) 3-h pressure change along isentropic
trajectories. Isobars and isallobars are at intervals of 20 mb. In (a)
and (b), values at stations are plotted in millibars. Those in paren-
theses are interpolated from temporally adjacent values. The heavy
dashed line is the intersection of this surface with the ground. Pressures
at the ground surface are indicated at 20-mb intervals. In (c), dis-
placements are plotted at the midpoints of the trajectories. Location
of section lines for Figs. 7 and 8 shown in (a).
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FIG. 7. Time section of the pressure of the 310-K isentropic surface,
along the line DEN-UMN indicated in Fig. 6a. Pressure data are
plotted in millibars at the time of release of the balloon. Isobars are
at intervals of 20 mb. Wavy lines are estimated positions of maxima
and minima. The heavy dashed line is the intersection of the isentropic
surface and the ground, with pressures indicated at 20-mb intervals.

of the individual wind observations indicated in Table
1. In fact, the mean instantaneous vertical motions
were no doubt more intense because of the variability
of pressure seen in Figs. 7 and 8 on scales that were
not large relative to 3 h.

A vertical cross section of the isentropic surfaces and
the vertical displacements is seen in Fig. 9 for the Den-
ver, Colorado, (DEN)-UMN line. The magnitude
of the displacements apparently increased above the
310-K surface and then decreased above the 316-K
surface.

The results for all trajectories (mostly over Kansas
and Oklahoma) and for both periods are illustrated in
Fig. 10. For 1800-2100 UTC, the algebraic mean pres-
sure changes were negative, whereas for the period
3 h later they were mainly positive. In both cases, these
mean displacements corresponded to vertical motions
of no more than 1-2 cm s™!, consistent with the di-
agnosis of weak synoptic-scale motions discussed ear-
lier. The scatter of individual displacements, repre-
senting much larger vertical motions, was a maximum
at potential temperature values of 312-314 K in the
region from 650 to 600 mb. At all isentropic surfaces,
the rms deviations, representing the mesoscale motions,
were substantially larger than the mean values.

The apparent maximum intensity of the mesoscale
motions in the region from 650 to 600 mb cannot be
accepted with full confidence because the small strat-
ification will amplify the effects of errors in the tem-
perature soundings. Above this layer, moreover, the
dewpoint depression was often 4°C or less, indicating
the possible presence of cloud layers (as also indicated
by the satellite imagery and observations from the sur-

SANDERS AND BLANCHARD

141

face). Therefore, the isentropic trajectories, neglecting
the effects of latent heat release or absorption, may
have underestimated the magnitude of the vertical
motions. In the layer of the negative area, from 306 to
310 K, however, the vertical displacements seem most
reliable.

6. The nature of the oscillations

Variations of this sort might be a manifestation of
symmetric instability or of ducted gravity-wave activity.
Dominance of the latter is not indicated by the very
small propagation speed in the domain where the waves
were prominent. Although a long gravity wave in the
stable layer around the 310-K isentropic level would
be evanescent in the well-mixed boundary layer below,
this layer was only about 1 km deep. A wave signature
would be expected in the data at the ground with higher
surface pressure associated with greater elevation (lower
pressure ) of the isentropic surfaces at a given location.
The correlation between changes of surface pressure
and of pressure on the 310-K surface was —0.359 from
1800 to 2100 UTC (eight soundings) and —0.559 from
2100 to 0000 UTC (nine soundings). The sign is as
expected, but the magnitude is small enough to en-
courage seeking another explanation. (Even if the phe-
nomenon were determined to be primarily a gravity
wave, of course, its source would still need to be iden-
tified.)

At first glance, symmetric instability of the type dis-
cussed by Emanuel (1979) does not seem promising
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FiG. 8. Same as Fig. 7 but along the line CSM-RSL indicated in
Fig. 6a. The isentropic surface did not intersect the ground in this
domain.
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TABLE 1. Wind components (m s™') from 225°, Kansas and Oklahoma, 10-11 May 1985.
Values in parentheses are rms deviations from mean.
850 mb 700 mb 500 mb 400 mb 300 mb
Time (UTC)
1800 14.5 (4.6) 13.6 (6.5) 15.9 (6.7) 18.0 (6.8) 14.3(9.3)
N 10 10 10 9 9
1930 ) 14.7 (3.5) 15.3(5.9) 14.4 (7.8) 19.2 (8.7) 21.4 (8.4)
N 10 9 9 8 8
2100 14.6 (2.2) 16.0 (6.0) 15.4 (7.3) 19.4 (7.4) 23.0 (9.0)
N 10 10 10 9 9
2230 14.2 (1.1) 20.3 (5.3) 19.2 (4.6) 23.8 (5.0) 30.3(8.2)
N 4 4 4 4 3
0000 18.9 (3.4) 19.0 (6.6) 17.7 (6.7) 21.2 (6.6) 20.6 (7.3)
N 12 12 12 12 11
All times 15.7 (3.8) 16.5 (6.3) 16.3 (6.8) 20.0 (7.0) 21.9(8.7)
N 46 45 45 42 40

in view of the very weak horizontal temperature gra-
dients in the layer from 850 to 500 mb (Figs. 1a,c) and
the assumption of thermal-wind balance in the base
state. Despite weakness of the thermal wind, soundings
of the observed wind in Kansas and Oklahoma began
to show a substantial shear in this layer after 1200 UTC,
as shown by the analyses in Fig. 11. Initially (Fig. 11a),
shears were relatively weak and not grossly out of bal-
ance with the thermal wind, although supergeostrophic
northwesterly shears could be seen in west-central
Texas. These had developed in Kansas and Oklahoma,
with magnitudes up to 20 m s~! by 1800 UTC (Fig.
11b), which increase and become more extensive by
0000 UTC (Fig. 11c). All of this occurred with little
change in the thermal wind, which remained north-

northwesterly near 5 ms™'.
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FI1G. 9. Vertical cross section of isentropic surfaces (solid) averaged
at 1800 and 2100 UTC, and the 3-h isentropic pressure change along
trajectories (dashed), for the line DEN-UMN indicated in Fig. 6a.

Examination of the analyses at the two levels in Figs.
lc,d indicates that the ageostrophic shear was attrib-
utable to cross-contour flow toward lower height at
850 mb and toward higher height at 500 mb. Quali-
tatively, it appears that the former was an isallobaric
effect in the strengthening southwesterly geostrophic
flow ahead of the lee trough, similar to effects noted
by Benjamin and Carlson (1986) in numerical simu-
lations. Aloft, the flow in a jet-exit region was remi-
niscent of that in the case presented by Bluestein and
Thomas (1984). The time scale of this ageostrophic
shear appears to have been longer than that of the waves
on the 310-K isentropic surface, and so might be con-
sidered as a base state for them.

The enhanced shear suggests shearing instability as
the source of the mesoscale waves. To examine this
possibility, Richardson numbers were calculated for
each sounding and for each of three nominal isentropic
layers, 306-310, 310-314, and 314-318 K, with av-
erage depths of about 600, 1900, and 1400 m, respec-
tively. Data from the significant level closest to the
isentropic surface were used in the finite-difference ap-

proximation,
. gob\ oz

Ri- () o M
where 66 is the difference in potential temperature, 6z
is the difference in height, and |6V | is the magnitude
of the vector difference in wind between the two se-
lected significant levels. Calculations were done not
only for stations in Oklahoma and Kansas but also for
all available nearby observations.

Of the 224 station layers examined, relatively low
values of 2 or less occurred 64 times, whereas values
lower than 1 were found 16 times. The geographical
distribution is illustrated in Fig. 12. West of the PRE-
STORM area, the frequency of values of 2 or less ex-
ceeded 50%, owing in considerable degree to strong
southwesterly shear and small stratification ahead of
the jet maximum in the advancing upper trough. In
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Oklahoma and Kansas, the more modest frequencies
were associated with the strong ageostrophic shear
shown in Fig. 11. Note that at the peripheral stations
north and east of the PRE-STORM area, no very low.
values occurred. The waves may represent an instability
at relatively low Richardson number of the type dis-
cussed by Kaylor and Faller (1972).

A further breakdown of the results for Oklahoma
and Kansas is presented in Table 2. The greater strat-
ification (smaller depth) of the 306-310-K layer was
overbalanced by the strong wind shear to produce
somewhat larger frequencies of reduced Richardson
numbers here than in the other layers. The stratification
of the 314-318-K layer may be overstated because of
the presence of cloud in portion of it, as noted earlier;
hence, the frequencies may be understated. Except at
times when few soundings were available, there was a
monotonic temporal increase in the frequencies as the
ageostrophic shear developed and strengthened.

Circumstantial evidence thus links the growth of
ageostrophic shear on the synoptic scale to the devel-
opment of mesoscale oscillations of the isentropic sur-
faces in the negative area overlying the surface bound-
ary layer. These oscillations in turn are linked to the
strongly circumscribed outbreak of deep and severe
convection.

7. Mesoscale oscillations in the surface data

Zacharias (1989) noted some prominent oscillations
in dewpoint recorded by the northernmost stations of
the westernmost column in the surface mesonetwork
(Meitin and Cunning 1985). He considered them as
a possible cause for the convective development but
left the question open. In the present study, data from
14 stations were examined in a manner similar to that
of DJZ. Locations are given in Fig. 13, showing con-
ditions at the time of first echo appearance. There was
weak confluence and a large difference in dewpoint
between the northernmost two pairs of stations, con-
sistent with the patterns seen in Fig. 2. The convective
system began in this zone of strong contrast, and, de-
spite its phenomenally rapid growth, had little effect
on the observations at P1 and P2 at the time of its
passage.

It should be noted in Fig. 13, incidentally, that tem-
peratures at P1, P2, and P9 almost reached the con-
vection temperature indicated on the DDC sounding
at 1745 UTC, so we must admit the possibility that
daytime heating alone was the sole mechanism. The
uniqueness of the convective outbreak, however, sup-
ports our finding that the lifting of the lid was of crucial
importance. k
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FIG. 12. Relative frequency of isentropic layers with Ri < 2, 1200
UTC 10 May-0000 UTC 11 May. The upper number of the two
adjacent to each station location is the number of such values and
the lower is the number of layers examined. Isopleths are for relative
frequency at intervals of 20%.

Fi1G. 11. Thickness {m) and wind shear for the 850-500-mb layer
at(a) 1200 UTC, (b) 1800 UTC, and (¢ ) 0000 UTC. Solid thickness
lines are at intervals of 30 m. Shear of observed wind plotted con-
ventionally, with full barb denoting 5 m s~'. Geostrophic shear is
indicated by dashed arrowhead, with magnitude (m s~') given nu-
merically. T

Another possibility to be considered is that the lift
forced at the dryline by density differences was re-
sponsible for the outbreak and also for the oscillations
in the lid, as in the case described by Parsons et al.
(1991). There, a narrow updraft of about 5 m s~! was
estimated at an elevation of 1.5 km over a zone 3 km
wide, Such a scenario, as in their Fig. 11, would require
a difference of about 10 m s~} in the components of
wind normal to the line between stations 3 km apart.
It is clear from Fig. 13 that no such difference is ob-
served in the surface winds, even between stations
about 40 km apart. Hence, it seems unlikely that this
mechanism was operating in this case. Its suppression,
even in the presence of substantial density contrasts
across the dryline, might be attributable to failure of
the strong synoptic-scale forcing to cooperate in this
case.

The time series of the dewpoint at the northernmost
five pairs of stations, representing the data at 5-min
intervals, appears in Fig. 14. Before 2000 UTC, vari-
ations aside from secular trends were small and ap-
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TABLE 2. Relative frequency of layers with Ri < 2 in Oklahoma and Kansas, stratified by potential temperature and time, 10-11 May
1985. Number of low values and total number of layers are given before and after the solidus, respectively. Values in parentheses are average

depths of the layers (m).

Potential temperature of layer (K)

Time

(UTC) 306-310 310-314 314-318 All Percentage
1200 1/3 (633) 1/3 (1458) 0/3 (1918) 2/9 22
1800 2/10 (841) 1710 (1816) 3/10 (1170) 6/30 - 20
1930 4/10 (681) 2/9 (2097) 2/9 (1219) 8/28 29
2100 4/10 (799) 3/10 (1746) 4/10 (1241) 11/30 37
2230 0/4 (167) 2/4 (2556) 1/4 (1115) 3/12 25
0000 8/12 (464) 2/12 (1745) 5/12 (1617) 15/36 42
All 19/49 11/48 15/48 45/145 31

Percentage 39 23 31 31

parently erratic at all stations. Dewpoints fell at stations
P1 and P9, while rising at all stations in the next column
to the east. The result was the strong contrast seen in
Figs. 3 and 13.

After this time, a series of relatively large and co-
herent oscillations began at stations Pl, P9, P17, and

KM
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FiG. 13. Conditions in the northwest portion of the mesonetwork
at 1930 UTC. Winds, temperatures, and dewpoints are plotted in
the conventional manner, and the station designator is plotted above
and 1o the right of the station triangle. The location of DDC is shown,
and the solid circle is the location of the first echo appearance at
1936 UTC.

P25 along the northwest boundary of the network, as
noted by DJZ. They represented undulations of the
narrow zone of strong dewpoint gradient along the
dryline, were most prominent at P1, and did not appear
to a significant degree at P33 or to the south or in the
next column of stations to the east. (The eastern col-
umn of stations displayed a singular northward-moving
downward step of dewpoint of 1°-2°C that propagated
very little with respect to the low-level flow and did
not seem to be related to any convection.) We cannot
say there were no oscillations of the dryline to the south
because the dewpoint contrast, as seen in Figs. 3 and
4, was west of the surface mesonetwork. The time of
onset at P1 and P9, immediately after the appearance
of the first echo, supports the idea that the undulations
were the result of the convective system rather than its
cause.

Lag autocorrelation analysis largely confirms the vi-
sual impressions. This was separately done for the pe-
riods from 1300 to 2000 UTC and from 2000 to 0300
UTC because of the heterogeneous appearance of the
time series at P1 southward to P25. Indeed, substantial
periodicity, in the range from 140 to 160 min, showed
up only at P1, P9, P17, and P25, and there only after
2000 UTC. Lag cross correlations indicated northward
movement of the waves at these stations at an average
speed of about 20 m s™!, implying a wavelength of
about 180 km. Visually, the more prominent troughs
showed a slightly smaller period and greater northward
speed with a wavelength not much different.

It was not possible to determine the orientation of
the wave fronts with confidence. Weak maxima in the
east-west cross correlations for the northernmost three
pairs of stations, however, suggested eastward propa-
gation at a speed of about 40 m s~'. On this basis, the
wave fronts would be oriented west-northwest—east-
southeast, with an approximate wavelength of 155 km
and speed of 17 m s™!. The flow just above the surface
at DDC was from 190° and increasing from 15 m s™!
at 2100 UTC to 25 m s™! at 0000 UTC. The propa-
gation of the waves through this flow was therefore
probably small. Similar characteristics were found
by DJZ.
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FiG. 14. Time series of dewpoints, 10-11 May, for mesonet stations as indicated.
Station PAM 1 is denoted Pl in the text, PAM 2 is P2, etc.

Before 2000 UTC, the correlation analysis suggested ~ so it does not seem reasonable to assign these waves a
a weak 90-min periodicity at P9 and progression toward causative role. ' :

P1. Indeed, the eye can match some small-amplitude The zonal components of the surface winds at these
maxima and minima at the two stations (Fig. 14) dur- 14 stations were examined for two reasons: first, to find
ing the period just before the convective outbreak. The ~whether the waves producing the oscillations in the
much larger amplitude variations later on, however, dewpoint data extended into the region where the moist
failed to produce additional convection in the region, layer was relatively uniformly distributed and no
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prominent oscillations occurred, and second, to see
whether the dewpoint oscillations were due to hori-
zontal advection.

The period of oscillation around 140 min was dis-
tinct only at P1, P9, and P17 and after 2000 UTC. The
waves were moving northward at about the speed noted
for dewpoint oscillations. Otherwise, there was consid-
erable high-frequency variability as well as substantial
variation on the scale of several hours. Therefore, the
disturbances appeared to have been restricted to the
zone of strong dewpoint contrast.

If the cause of the dewpoint oscillations were hori-
zontal advection of dry air from the west, then the
times series of zonal-wind component and dewpoint
should show maximum correlation at a lag of one-
quarter period, or about 35 min, with west components
accompanying decreasing dewpoints. As the simulta-
neous plots of dewpoint and component in Fig. 15
show, however, the best match seems to occur near
zero lag. Lag correlations for the period 2000-0300
UTC in fact showed maximum negative values at ex-
actly zero lag (although larger negative and positive
correlations occurred at P1 with lags corresponding to
integral halves of periods). This result indicates that
the cause of the oscillations was periodic turbulent
transport of drier air and westerly momentum simul-
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FIG. 15. Time series of zonal component of surface wind (dashed)
for mesonet stations P1, P9, and P17, and time series of dewpoint
(solid) from Fig, 14.
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taneously to the surface, a process found by Schaefer
(1974b) to be primarily responsible for the motion of
the dryline. This process was further found by Mc-
Carthy and Koch (1982) to play a central role in the
development of a severe convective outbreak, but here
its role appears to have been reversed. The specific na-
ture of these oscillations is not known, nor can we ex-
plain why the circulations that presumably produced
them did not initiate further deep convection.

8. Concluding discussion

We have studied the extremely limited outbreak of
severe convection in the O-K PRE-STORM region on
10 May 1985, seeking to understand why the convec-
tion developed only in the northwestern corner of the
network when large CAPE was present over virtually
the entire project area and a strong mobile trough was
moving northeastward at upper levels from the south-
western United States. The reason appears to be that
a persistent capping thermodynamic lid of relatively
warm air separated the warm moist air in the planetary
boundary layer from the deep, relatively cool and dry
midtroposphere in which the potential buoyancy could
be realized.

The qualification reflects the possibility that localized
daytime heating alone might have produced the con-
vection, but we do not favor this interpretation. We
rely on circumstantial evidence: One of the special
PRE-STORM soundings showed that this negative area
(on a thermodynamic diagram) was temporarily re-
moved from a limited region in northwestern Kansas.
The severe convective storm developed with extreme
rapidity within a few tens of kilometers of the location
of this sounding and 1 h before the time of the balloon
release. Since the sounding from this site 3 h earlier
showed only a small negative area, the storm devel-
opment is viewed as most probably a consequence of
its erosion.

Intensive analysis showed that the removal of the
negative area was indeed due in part to heating of the
surface layer at the sounding site during the daytime,
characteristic of the entire region, but also to a very
localized lifting of the air comprising the negative area.
This lift was a member of a series of mesoscale un-
dulations of the isentropic surfaces in the lid, apparently
extending well aloft into the midtroposphere.

The data supported (but did not unambiguously de-
termine ) a wavelength of about 200 km and a north-
west-southeast orientation parallel to the shear in the
layer from 850 to 500 mb above the moist boundary
layer with extreme convective potential. The waves
propagated very little relative to the flow up to the
midtroposphere. The shear was highly ageostrophic,
being several times the magnitude of the weak thermal
wind over the area. The effect represented the difference
between ageostrophic flow across the contours at low
levels in response to a locally strengthening horizontal
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pressure gradient and cross-contour flow aloft in air
traversing the exit region of a jet streak near the base
of the mobile upper trough. The strong shear persisted
and was responsible for a region of reduced Richardson
number in the time and place of the wave activity. The
wave development is viewed therefore as a type of
shearing instability of a highly nongeostrophic base
state.

Research on severe thunderstorms has repeatedly
noted the empirical relationship to ascending motion
and how the ascent might be diagnosed. This diagnosis
often relies on the presence of jet streaks at upper or
lower levels or both (Beebe and Bates 1955; Uccellini
and Johnson 1979; Bluestein and Thomas 1984; Har-
nack and Quinlan 1989). Although no detailed physical
explanation has been offered in these works for the
connection between the initiation of the convective
cloud and the larger-scale jet-related ascent, we agree
with Doswell’s (1987) view that large-scale processes
(those that can be understood in terms of quasigeo-
strophic dynamics) may serve to create the large CAPE
but are insufficiently intense to remove the negative
area on the observed time scale. Our study indicates
that the important effects of the wind structure of jets,
however, may not be limited to those produced directly
by the associated large-scale transverse circulations.
They may produce an environment in which mesoscale
disturbances can develop, leading to the convection
itself. ‘

Examination of surface data from the special me-
sonetworks shows prominent oscillations on the part
of a dryline close to the convective development, with
a period of about 140 min. These grew at the time of
onset of convection and are therefore viewed as a result
of the convection rather than as a cause of it. They
apparently represented the periodic mixing of dry air
and westerly momentum from aloft in the region of
strong horizontal moisture contrast but did not lead
to further convection. The surface oscillations are not
identified with the mesoscale waves aloft, which dis-
played an apparently longer period but a similar phase
speed. The waves in the lid region above the surface
layer, moreover, had evidently developed fully im-
mediately before the outbreak of convection and were
most intense at some distance from it. These waves,
therefore, are regarded as a cause rather than as a result
of the convection.

As far as forecasting implications are concerned, the
area of large CAPE could probably be reasonably well
inferred from the surface observations and a short-
range prediction of the temperature structure at and
above 700 mb, as suggested by Sanders (1986). This
is not true for the negative area. Continuity of features
of the pattern was difficult to maintain aside from the
persistent western edge of strong gradient dropping to
near zero. It is not clear how the details of its evolution
below the region of very large positive area could be
inferred from any type of observation other than
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soundings with detailed vertical resolution. Aside from
the difficulties of adequate monitoring, an ability to
predict removal of the capping lid would appear to be
a necessary prelude to the fulfillment of Lilly’s (1990)
hope for real-time numerical prediction of thunder-
storm systems. The challenge to any kind of forecasting
of convection is formidable.
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