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1. INTRODUCTION

Significant tornadoes (defined as EF-2 or
greater) in the United States have been well
documented (Grazulis, 1993). Nocturnal tornadoes
account for approximately 26% of U.S. tornadoes, and
nearly 43% of U.S. tornado related fatalities (Ashley
2007). United States tornado climatology studies depict
a regional maximum of tornado reports over the Great
Plains states (Brooks et al. 2003), but a relatively low
temporal frequency of nocturnal tornadoes compared to
the late afternoon hours (Kelly et al. 1978). This paper
is intended to heighten awareness of several ingredients
that are associated with nocturnal tornadoes in the
Great Plains.

Conditions that support the development of
nocturnal tornadoes are hypothesized to be, in part, a
low-level environment characterized by low static
stability and low values of mixed layer convective
inhibition (MLCIN), and substantial vertical wind shear.
The relative infrequency of significant nocturnal
tornadoes is thought to be closely tied to decoupling of
the boundary layer through radiational cooling. This
allows for increasing low-level static stability, which
inhibits air parcels from reaching the level of free
convection. A better understanding of the mechanisms
that maintain boundary layer coupling despite
radiational cooling in the will assist in the short-term
anticipation of nocturnal tornadoes. Past research has
shown that tornadoes are strongly correlated with large
values of low-level wind shear and helicity due to the
presence of a low-level jet, creating an environment
favorable for low-level storm rotation, in the presence of
other environmental factors supportive of organized
convection (Johns and Doswell 1992; Thompson et al.
2007). The challenge posed to short-term forecasters
lies in the identification of a nocturnal environment in
which low-level static stability is minimized or can be
overcome within an environment of high shear,
increasing the potential of tornadoes.

Composite analysis of mesoscale and synoptic
scale features and an examination of the low-level
kinematic and thermodynamic environment for
significant nocturnal tornado events were performed in
this preliminary study. This study examines the
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frequency of nocturnal tornado development in the
presence of low-level frontogenetic forcing, low-level
moisture maxima, low-level jets, and synoptic
boundaries. = These kinematic and thermodynamic
mechanisms have the ability to modify the low-level
environment to make it supportive of tornado
development after sunset.

2. DATA AND METHODOLOGY

This study defined nocturnal tornadoes as
those that occurred between one hour after sunset and
one hour before sunrise. Figure 1 outlines the domain of
Great Plains nocturnal tornado events. The National
Climatic Data Center (NCDC) Storm Events archive was
used to locate significant nocturnal tornadoes that
occurred in the Plains from 1990 to 2007. A total of 110
tornadoes in 76 separate tornado days were identified,
and their respective environments analyzed.

The North American Regional Reanalysis
(NARR) data produced by the National Centers for
Environmental Prediction (NCEP) were downloaded
from the National Operational Model Archive &
Distribution System (NOMADS). These data were used
to investigate the mesoscale environments in which the
significant tornadoes occurred. The NARR data
provided a 32 km horizontal resolution with 45 vertical,
25 hPa layers, in 3-hour increments. Data were
collected for each of the 110 tornado cases, and the
nearest 3-hr dataset to each tornado beginning time
was analyzed. The General Meteorology Package
(GEMPAK; desJarndes, 1991) was then utilized to
display individual kinematic and thermodynamic
elements near the individual tornado track paths.

Frontogenesis was investigated to diagnose
ageostrophic upward vertical motions within the
nocturnal boundary layer, and was calculated within the
lowest 100 hPa for each tornado in the study, with axes
of 20 K m™ 1g10s™ or greater included. This value was
chosen to represent “strong” frontogenesis for the
purposes of this study. It was assumed that when a
tornado and the low-level frontogenetic forcing axis
were within 80.5 km (50 mi) or less of one another, the
vertical ageostrophic response could play a significant



role in the mixing of the low-level environment
(Schumacher, personal communication, 2009).

Low-level moisture distribution was examined
within the lowest 50 hPa for each tornado event.
Tornado events that took place in the highest 2-3
degree Celsius low-level moisture axis, within an
approximately 400 km (250 mi) radius around the event,
were defined to have occurred within the region of
deepest moisture. This investigates whether nocturnal
tornadoes preferentially occur within a low-level
moisture maximum.

The low-level jet (LLJ), defined to have at least
a 5.1 ms* (10 kts) wind speed increase in a 25 hPa
layer, and at least a 10.3 ms™ (20 kts) increase in a 100
hPa layer, was investigated to determine its coincidence
and frequency with each nocturnal tornado event. The
LLJ was examined in the lowest 150 hPa above ground
level (AGL), and lies within the bounds of previous
studies examining the LLJ in the Plains (Walters and
Winkler 2001). The LLJ was examined as one of the
primary sources for providing a highly sheared low-level
environment that would be favorable for tornadoes.

The presence of synoptic scale boundaries
were subjectively analyzed for each event and classified
as either a dryline or a warm, stationary, or cold front.
This defines the nearest source of low-level synoptic
scale forcing, and determine the frequency of nocturnal
tornado tracks within 80.5 km (50 mi) of a synoptic
boundary.

3. RESULTS
3.1 Frontogenesis

The ageostrophic upward vertical response to
frontogenesis on the warm side of the baroclinic zone
can provide narrow corridors of intense vertical motion.
A local case study performed by the authors
investigated the significant tornadoes during the evening
hours of 11 June 2008 at Chapman and Manhattan,
Kansas. It was determined that intense low-level
frontogenetic forcing led to a narrow zone of strong
vertical motion and destabilization on the warm side of
the frontogenesis axis. Figure 2 shows a narrow zone
of strong vertical motion on the warm side of the
frontogenesis axis from 11 June 2008. The tornado
track is coincident with the vertical box depicted in the
figure, on the warmer side of the maximum
frontogenesis axis. The environment was characterized
by relatively high values of MLCIN (>100 Jkg'l, not
shown). Equivalent potential temperature either
decreased or remained constant with height within the
narrow vertical column highlighted in Figure 2.
Convective instability exists in locations where
equivalent potential temperature decreases with height.
Figure 2 also shows that to the southeast of the
frontogenesis axis (to the right of the frontogenesis in
the figure), equivalent potential temperature begins to
increase with height near the 850 hPa level. This

provides evidence that the narrow zone of instability in
which the tornado occurred was closely tied to the
ageostrophic response to the frontogenetic forcing.
Values of frontogenesis greater than 20 Km™1g10s™
were found in 48 of the 110 tornado cases, or
approximately 44%. These findings suggest that low-
level frontogenetic forcing cannot be the only
mechanism at work to sustain a coupled boundary layer.
However, when present, this forcing may play an
important role in vertically mixing the low-level
environment, keeping the boundary layer coupled after
sunset.

3.2 Low-level Moisture

One of the ways to create potential instability in
a relatively stable atmospheric layer is to moisten the
bottom of the layer. As the stable layer is lifted, the
warmer and drier upper portions of the layer will cool dry
adiabatically while the cooler but moist lower portion of
the layer will cool moist adiabatically. Given sufficient
lift, this process will create potential instability in the
once stable layer. In environments supportive of
organized convection, some source of lift is assumed to
be present; therefore zones of low-level moisture
maxima should be good indicators of where potential
instability may occur in an initially stable layer.
Approximately 76%, or 84 of the 110 tornado tracks,
occurred within the previously defined best moisture
axis which indicates that zones of low-level moisture
maxima may also be effective indicators of zones of
potential low-level instability in nocturnal environments.
Destabilization of the low-levels due to an increase in
moisture can be demonstrated by the tornado case from
20 June 1990. The low level moisture distribution
associated with this event is displayed on Figure 3.
Dodge City was chosen as the closest representative
upper air site to the event, which occurred north of
Ulysses, Kansas. The 0000 UTC sounding from Dodge
City, Kansas (KDDC), shown in Figure 4, depicts an
initially dry low-level airmass with no calculated positive
mixed layer convective available potential energy
(MLCAPE). GEMPAK’'s NSHARP sounding analysis
tool, utilizing NARR data, was then used to investigate
the 0600 UTC thermodynamic environment at Dodge
City (KDDC). A marked increase in MLCAPE from O to
2116 Jkg™ between the 0000 to 0600 UTC soundings is
primarily due to moisture transport as little insolation
was present after 0000 UTC (Figure 5). This case
demonstrates the importance of low-level moisture in
combination with other environmental variables
favorable for tornadic development.

3.3 Low-Level Jet

Maddox (1993) found that the diurnal increase
of low-level wind speeds in the plains after sunset often
increases low-level helicity. Rasmussen (2003) showed
that higher values of low-level (0-1 km) storm relative
helicity have been favorably correlated with
environments for significant tornadoes. These findings
suggest that if the LLJ can enhance storm relative inflow



helicity, then the LLJ is an important mechanism in
creating low-level kinematic conditions favorable for
tornadoes. Walters and Winkler (2001) found that
convection often occurred in the Plains over areas
closely associated with convergence in the LLJ flow
configuration. They also noted that the LLJ is a
common transporter of warm, moist air into the Plains.
Low-level winds meeting the established LLJ criteria
were present in 103 of the 110 cases, or approximately
94% of the time. The fact that 94% of the cases in this
study occurred in the presence of a LLJ corroborates
with the research that suggests highly sheared low-level
environments are favorable for tornadoes.

3.4 Synoptic Boundaries

Synoptic boundaries serve as a source of low-
level convergence and lift. Convergence along synoptic
boundaries and in the LLJ flow configuration could
explain the low-level moisture maxima that often
occurred with boundaries present in this study.
Synoptic boundaries that feature strong horizontal
thermal gradients can also be sources of frontogenetic
forcing, as was the case during a nocturnal tornado
event on 5 April 1990. Figure 6 depicts an image of
low-level frontogenesis along a thermal gradient at 0600
UTC. The frontogenesis lies coincident with the cold
front in Figure 6. Boundaries themselves may also
serve to enhance horizontal vorticity generation as
shown by Markowski et al. (1998).

Subjective analyses revealed approximately
72% of the tornado tracks, or 80 of the 110 cases, were
located within 80 km (50 mi) of an identified synoptic
boundary.  This high percentage signals that the
presence of synoptic boundaries might play an
important role in keeping the near-boundary
environment coupled. It is theorized that synoptic
boundaries worked in conjunction with the other three
discussed mechanisms to serve as foci for conditions
that lead to keeping low-level environments coupled. It
is important to note that while synoptic boundaries may
bring together many conditions favorable for the
continued coupling of the near surface environment, 30
events were identified as occurring more than 80 km (50
mi) away from a synoptic boundary. Of these 30
events, all 30 occurred with the presence of a low level
jet, and all but 3 occurred within the local low level
moisture maximum. These findings indicate that the
presence of synoptic scale boundaries is not necessary
to support the development of tornadoes at night, but
when present, these boundaries can serve as a foci for
other mechanisms to work together to promote
continued coupling of the boundary layer.

4. CONCLUSIONS

Most nocturnal tornadoes investigated in this
study occurred frequently in the presence of low-level
moisture maxima, low-level jets, and in close proximity
to a synoptic scale boundary. Nocturnal tornadoes also
occurred in the presence of low-level frontogenetic
forcing, but this was not as common as other

mechanisms. It is suggested that a combination of
these factors, in the presence of other environmental
factors supportive of organized convection, work
together to create a low-level environment more
conducive to remaining coupled. Within this study no
individual mechanism was ever identified as acting
alone, therefore a combination of mechanisms seems to
provide an environment more favorable for significant
tornado development.

Stable low-level environments are often
associated with elevated convection during the warm
season in the Plains, where storm inflow is elevated
above a stable boundary layer (Colman, 1990). The
forecasting challenge lies in differentiating environments
where the storm inflow is elevated above a near surface
layer from those where the storm inflow is rooted near
the surface, therefore taking advantage of enhanced
low-level horizontal vorticity.  This study identifies
conditions in a nocturnal low-level environment in which
static stability is minimized or overcome in the presence
of high shear, promoting favorable conditions for
potential tornado formation. Mesoscale meteorologists
may be able to recognize mechanisms outlined in this
study before they have an appreciable effect on the low-
level environment. These, in conjunction with other
available parameters, provide operational
meteorologists an opportunity to forecast whether a low-
level environment could support tornadoes.

5. Acknowledgements

The authors would like to extend thanks to George
Phillips for providing references and for helpful
discussions at the inception of this work, and Barbara
Boustead for her help reviewing this work. The authors
would also like to extend thanks to Gregory Patrick for
providing references and a review of this work.

References

Ashley, W. 2007: Spatial and temporal analysis of
tornado fatalities in the United States: 1880
-2005. Wea. Forecasting, 22, 1214-1228.

Bothwell, P. D., J. A. Hart, and R. L. Thompson, 2002:
An integrated three-dimensional objective
analysis scheme in use at the Storm

Prediction Center. Preprints, 21 Conf. on
Severe Local Storms, San Antonio, TX,
Amer. Meteor. Soc., J117-J120.

Brooks, H.E., C.A. Doswell lll, and M.P. Kay, 2003:
Climatological Estimates of Local Daily
Tornado Probability for the United States.
Wea. Foercasting, 18, 626-640.

Colman, B. R., 1990: Thunderstorms above frontal
surfaces in environments without positive
CAPE. Partl: A climatology. Mon. Wea.
Rev. 112, 2239-2252.



desJardins M.L., K.F. Brill, and S. S. Schotz, 1991:
GEMPAK 5. Part I-GEMPAK 5 programmer’s
guide. National Aeronautics and Space
Administration, 176 pp. [Available from
Scientific and Technical Information Devision,
Goddard Space Flight Center, Greenbelt, MD
20771.].

Grazulis, T.P., 1993: Significant Tornadoes, 1680-1991.
Environmental Films, St. Johnsbury, VT, 1326
pp.

Johns, R.H. and, C.A. Doswell Ill, 1992: Severe Local
Storms Forecasting. Wea. Foreacsting, 7, 558
-612.

Kelly, D.L., J.T. Schaefer, R.P. McNulty, C.A. Doswell
Ill, and R.F. Abbey Jr., 1978: An Augmented
Tornado Climatology. Monthly Weather
Review, 106, 1172-1183.

Maddox, R. A., 1993: Diurnal low-level wind oscillation
and storm-relative helicity. The Tornado: Its
Structure, Dynamics, Prediction, and Hazards,
Geophys. Monogr., No. 79, Amer. Geophys.
Union, 591-598.

Markowski, P.M., E.N. Rasmussen, and J.M. Straka,
1998: The Occurrence of Tornadoes in
Supercells Interacting with Boundaries during
VORTEX-95. Wea. Forecasting, 13, 852-859.

Rasmussen, E. N., 2003: Refined supercell and
tornado forecast parameters. Wea. Forecasting,
18, 530-535.

Thompson, R.L., C.M. Mead, and R. Edwards, 2007:
Effective Storm-Relative Helicity and Bulk
Shear in Supercell Thunderstorm
Environments. Wea. Forecasting, 22,
102-115.

Walters, C.K., and J.A. Winkler, 2001: Airflow
Configurations of Warm Season Southerly
Low-Level Wind Maxima in the Great Plains.
Part I: Spatial and Temporal Characteristics
and Relationships to Convection. Wea.
Forecasting, 16, 513-530.



Figure 1: Nocturnal tornado (red triangles) beginning points within the domain area.
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Figure 2: A cross-section of low-level frontogenetic forcing (background image), equivalent potential
temperature, (green) and ageostrophic vertical motion (tan) from 12 June 2008 at 0300 UTC. The
yellow vertical box indicates the narrow vertical zone where equivalent potential temperature decreases
or remains nearly constant from the near surface environment to the 500 hPa level (top of the figure).
The tornado track fell within this yellow box. This case was not included within the temporal domain of
the study (i.e. 1990-2007). Therefore, this cross section was created using RUC data on a 40 km grid.
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Figure 3: The 875 hPa dew point analysis overlaid by tornado track (black line) and the location of

Dodge City, Kansas (red square) from 20 June 1990 at 0600 UTC.
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Figure 5: The KDDC sounding from 20 June 1990 at 0600 UTC.

MSL WVIEL (MDs)
se Darm )

&_221_l9S00620_0800_000.gem SO0820/0800F000 ddc (Model Forecas:)

\ L is
) “\" 304
k15
¥
\ =
Y 434
- i3
N 2
N . 334
Lo
X 30t e
s00 @/ i
4 [
To00 [ox: > , 109 3
~ -2
ss0 31
32f1 ==z
=30 =20 =10 o 10 20 30 <0 30
o= anom T TEzc
LAYER PARCZEL S2c - 6 X
z9c §4r/ s3r LFC - EL Meen M.
8§30 = 300 Mean W
=6 C & 300m>
-5C & 300m>
z2c@ 7s0m>
LEVEL PRES EGTI(AGL) TZM2
762
89am> i1 C
i3am» -66 C
93md 323702z
Procip water: 1. Moen RE: 65 ¢
Mean Q: i3.8 Moan LRH: 8 %
Top of Mois:t Lay M/ N z.8
700-300mb Lapse Rare: s c 3

§30-300mb Lapse Rero:

32 C

Toral Torals: 33
SWEAT Index: 357
17 ¢

FRI Level: 13003 2=

WBZ Li

ata postscripe
Anelysis and R

.
)

rr)

This sounding was

constructed utilizihng GEMPAK’s NSHARP sounding analysis tool, utilizing NARR data on a 32

km grid.



\ ' SO T 0 RSN
oy j | | 4“1 7777
v Ve in__ M

oy - | -
Zaic e P ol Vo 1 T BN

t — 4 e

e e HE
AV AT =

T A7V A7TINYS J‘)— %

e s ;
V_L S b \\:;\\“
7 L </ ] {,'
! X e

- I C‘: Y <

] — LR

100 ]/ 7 : IRNE

L [ ] MRS

0 I| B e

1 . L Atk E )

4 ¥ ¢

1 TY }
70 |

a . < . :
~ Foopd o
\ /‘ ". x':\\
. |
Ly R e —
T g L]
i AT /’ f F /
- O -
Y ey
1 l\ | —
./ v IIONN

800203/0600v00N0 950 HB. FRA

Figure 6: Analysis of 950 hPa frontogenesis overlaid by tornado track (black line) from 5 April 1990
at 0600 UTC. The cold front is roughly co-located within the axis of maximum frontogenesis. The
950 hPa wind barbs (in knots) are also included.



