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1.  INTRODUCTION 
 
The occurrence of convective-type, wintry precipitation has 
been and continues to be a significant problem for forecasters 
in the United States. Such convection can occur in narrow 
bands, leading to snowfall totals that are significantly higher 
than those observed in surrounding areas and frequently higher 
than those expected by forecasters. 
 Although the nature of the banding is not fully 
understood, convective bands of wintry precipitation appear to 
be most commonly associated with two scenarios.  The first is 
on the northwest side of a cyclone in a region of cyclonic shear, 
due to the release of upright instability by some lifting 
mechanism such as frontogenesis.  The second is typically in 
advance of a warm front in a region of anticyclonic shear, due 
to the release of conditional symmetric instability (CSI). 
 On the morning of 09 December 1999, Lubbock, 
Texas, received 6 inches of snow and sleet in a 5-hour period.  
The event was highlighted by a 98-minute episode of 
thundersnow and sleet, which persisted from 0912 UTC to 
1050 UTC.  While originally expecting accumulations of only 
an inch or so, the National Weather Service in Lubbock 
released Forecast Discussions attributing the convective activity 
to the release of CSI, although Lubbock was to the northwest 
of the cyclone, in a region of convective instability and cyclonic 
shear (to be discussed). 
 It is our intention to show that the convective 
activity in this case occurred secondary to the release of upright 
instability, not CSI.  Furthermore, we intend to compare 
competing methods in which equivalent potential vorticity 
(EPV) is used as a diagnostic for CSI.  One method, described 
by Moore and Lambert (1993), includes θe in the calculation of 
EPV.  The other, described by Schultz and Schumacher (1999), 
employs θes in the calculation.   
 
2.  SYNOPSIS 
 
Both subjective and objective analyses were performed on 
mandatory upper air levels at times before, during, and after the 
episode of thundersnow at Lubbock.  At 00 UTC (Fig.1), or 9 
hours before the first report of thundersnow, surface analysis 
indicated that a 1005 hPa low was centered south of Lubbock, 
near Midland.  A quasi-stationary front extended from the low, 
across northwestern Texas into southwestern and central 
Oklahoma, while a cold front extended from the low across 
southwestern Texas into northwestern Mexico.  At 850 hPa, a 
broad low was centered just southwest of Lubbock, placing 
most of west Texas in a region of warm advection, while a cold 
advection pattern was located north and west of Lubbock.  A 
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Figure 1.  Composite chart valid at 00 UTC 09 December 
1999.  The surface low and front are depicted, as are the jet 
cores at 300 hPa (heavy bold arrows), the 500 hPa trough axis 
(bold dashed line), and the 850 hPa warm advection (>10-4 K 
s-1;  shaded region). 
 
500 hPa shortwave was digging into New Mexico, with a 
relatively strong vorticity maximum over southwestern New 
Mexico.  At 300 hPa, Lubbock was confined beneath the 
weakly divergent (<2 x 10-5 s-1) left exit region of a cyclonically-
curved, 90-knot jet streak.  The relative strength of the low-
level warm advection and weakness of the upper-level 
divergence suggest that the forcing of this event was largely 
lower tropospheric.  By 09 UTC (Fig. 2), thundersnow had 
begun at Lubbock; the surface low had weakened (1010 hPa) 
and was centered near Fort Worth, Texas, placing Lubbock in 
the northwest quadrant of the cyclone.  Also at this time, 
Lubbock remained in the left exit-region of the 90-knot jet 
streak (not shown).   
 By 15 UTC, when the snow has ended, the surface 
low had moved into south central Oklahoma, and was 
beginning to occlude.  The satellite image (Fig. 3) at this time 
shows a clearly advanced occlusion structure, indicative of a 
mature storm in the middle and upper troposphere.  The fact 
that the occlusion structure appears far more advanced aloft 
than at the surface is not surprising, and supports the 
contention made by Martin (1998) that occlusion can occur 
aloft and then propagate to the surface. 
 
3.  ISENTROPIC ANALYSES 
 
Isentropic analyses were performed using 09 UTC Rapid 
Update Cycle (RUC) initial fields, and consisted of a plan view 
analysis of the 294K surface and several cross-sections to 
diagnose the type of instability that was released to cause the  
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Figure 2.  Surface analysis valid at 09 UTC 09 
December 1999.  Isobars (4 hPa interval), pressure 
centers, and frontal zones are depicted in standard 
fashion. 
 
convective activity.  As mentioned previously, one cross-
section (Fig. 4) was analyzed using θe  and includes regions of 
relative humidity values greater than 80 percent which, 
following Bennets and Sharp (1982) and Moore and Lambert 
(1993), we consider to be saturated.  Practical reasons for this 
practice are to account for sensor error as well as that 
introduced by objective analysis.  The second cross-section 
(Fig. 5) was analyzed utilizing θes which assumes a saturated 
cross-section at all levels.  The cross-sections were drawn from 
Clovis, New Mexico, to Dallas-Fort Worth, Texas, and are 
perpendicular to the thermal wind field derived from a chart of 
the 1000-500 hPa thickness at the specified time. 

Figure 4 shows two layers of convective instability 
over Lubbock; one from 760 to 570 hPa, and the other from 
the surface to 880 hPa.  While the corresponding cross-section 
of EPV (Fig. 6) shows two distinct regions having negative 
values, this is not an indicator that CSI is present.  In order for 
negative values of EPV to be used as an accurate diagnostic 
tool for CSI, those values must coincide with regions of 
convective stability (Moore and Lambert 1993), a condition 
that is not met in this case. 

Again in Fig. 5 there are two layers of convective 
instability over Lubbock; one from 720 to 520 hPa, and the 
other from the surface to 880 hPa.  The corresponding EPV 
cross-section (Fig. 7) shows a pattern of negative EPV values 
nearly identical to that seen in Fig. 6.  However, the gradient of 
EPV observed just above the saturated layer using θe (Fig. 6) is 
not present in the θes formulation (Fig. 7).  Consequently, we 
conclude that the Moore and Lambert (1993) method yielded 
results that were comparable to those of the Schultz and 
Schumacher (1999) method in this case.  Furthermore, the 
utilization of θe cross-sections may be preferable in the 
diagnosis of CSI because of the truer representation of vertical 
moisture gradients, as opposed to the possible oversaturation 
of the environment that is seen in θes cross-sections. 
 Concurrently, the analyses of the 294K isentropic 
surface (Figs. 8 and 9) reveal a distinct trowal structure 
originating from south central Texas, cutting across 
northwestern  Texas  and  the  Panhandle,  and  terminating  in  

 
 
Figure 3.  Visibile satellite image valid at 1530 UTC 09 
December 1999.  Snow is visible on ground in western 
Texas, and eastern New Mexico.  Surface low at this 
time was over south central Oklahoma (~1013 hPa).  
Bold white line represents cross section from Clovis, 
NM (CVS), to Dallas-Forth Worth, TX (DFW) used in 
Figs. 4-7. 
 
northeastern New Mexico where it begins to wrap around the 
core of cold air.  The orientation of the trowal is consistent 
with the orientation of the computed 850 hPa surface 
frontogenesis (F ) field (Fig. 10).  Therefore, the trowal was 
likely the focus of frontogenetical forcing in the region where 
thundersnow occurred. 

 While the vectors (V
r

) in Fig. 8 are scaled with the 
specific humidity (q) to obtain a moisture transport vector 

( Vq
r

), the vector directions are unaffected and clearly indicate 
confluent flow over western Oklahoma where the 294 K 
surface is near 850 hPa.  When we introduce the storm motion, 

C
r

(from 257º at 13.7 ms-1), into the moisture transport vector 

such that the formulation becomes )( CVq
rr

− , we find a 
broad region of moist easterly upglide over and north of the 
surface low that becomes a single, confluent airstream 
coincident with the trowal over north Texas (Fig. 9).  These 
vectors represent motion, and specifically moisture transport, 
with respect to the moving storm system.  The subtracted 
system velocity in this case was taken from a 6-h motion of the 
vorticity maximum on the 294 K surface identified from the 
RUC initial fields valid at 12 UTC and 06 UTC 09 December 
1999.  Ultimately, these analyses demonstrate the Lubbock 
snow event to be forced by low level frontogenesis and fed by 
the warm, moist upglide in the trowal airstream. 
 
4.  CONCLUSIONS 
 
The thundersnow event in this case occurred secondary to the 
release of convective instability by a combination of isentropic 
upglide, and frontogenetical forcing.  The event occurred along 
the trowal airstream, northwest of an occluding cyclone, in a 
region of cyclonic shear.  This alone makes the presence of 
convection by the release of CSI unlikely.  While the convective 
region was one of appreciable wind shear and low static 
stability, it was not anticyclonically sheared; all 3 are required 
for the release of CSI (Bluestein 1986). 



 
Figure 4.   Cross-section from Clovis, NM (CVS), to 
Dallas-Forth Worth, TX (DFW), of RUC initial fields 
valid at 09 UTC 09 December 1999.  Relative humidity 
is shaded where it exceeds 80% (light gray) and 90% 
(dark gray).  Solid contours depict equivalent potential 
temperature (θe; K), dashed are geostrophic pseudo-
angular momentum (Mg; m s-1).  LBB is located near 
second tick mark form the left edge. 
 

 
Figure 5.  As in Fig. 4, but without relative humidity.  
Solid contours depict the saturation equivalent potential 
temperature (θes; K), dashed are Mg (ms-1). 
 
 A comparison of cross-sections using θe and θes to 
diagnose instability showed that the two yielded strikingly 
similar results.  However, the gradient for negative EPV values 
was substantially more pronounced when θe was used in the 
calculation as opposed to θes.  This supports the notion that 
using θes oversaturates the environment, and weakens the 
vertical moisture gradient that may be important in the 
development of this type of convection.  As a result, the 
vertical gradient for θes will be less than that of θe and will yield 
less negative values of EPV.   
 
 

 
Figure 6.  Cross-section from Clovis, NM (CVS), to 
Dallas-Forth Worth, TX (DFW), of RUC initial fields 
valid at 09 UTC 09 December 1999.  EPV is the 
contoured variable (10-6 m K s-3 Pa–1), here based upon 

θe and the geostrophic wind, gV
r

.   Values < 0 are 

shaded. 
 
 

 
Figure 7.  As in Fig. 6, but using θes. 
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Figure 8.  RUC analysis of the 294K isentropic surface 
valid at 09 UTC 09 December 1999.  Solid contours 
depict isobars (hPa), while arrows depict moisture 

transport vectors, Vq
r

(m s-1 g kg-1).  Reference vector 
in the lower left corner represents 200 m s-1 g kg-1 

 
 
Figure 9.  As in Fig. 8, but with storm relative moisture 

transport vectors, )( CVq
rr

− , analyzed.  C
r

 is 
calculated here to be from 257º at 13.7 ms-1. 
 
 
 
 
 
 

 
 
Figure 10.  Analysis of 850 hPa surface frontogenesis 
(F ; K 100 km-1 3h-1) from RUC initialization valid at 09 
UTC 09 December 1999.  Notice that the strongest 
frontogenesis is located within the trowal airstream in a 
region of maximum moisture convergence. 
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