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of tornadoes, including tornadogenesis, tornado structure, and improving forecasts.
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Fig. 1. History of lead times, probability of detection, and false-alarm rates 
for tornado warnings. Improvements in warning performance are related to 
introductions of new technology and forecasting methods.

N	early all of the most intense tornadoes, those capable of causing the most  
	widespread damage and largest number of fatalities, are spawned by supercell  
	thunderstorms. Recently, computer models and observing technology used 

to study supercells have become more accessible and increasingly sophisticated, 
enabling detailed scientific exploration of supercells and tornadoes. Improvements 
to tornado forecasts and warnings in recent decades may be linked to improve-
ments in observing technology and understanding of processes related to tornado 
formation (Fig. 1). Although these advances have led to an increase in knowledge 
and improvements to conceptual models of the processes governing tornadic 
storms, they also have illuminated gaps in our understanding of tornadogenesis 
and evolution, particularly those aspects of the problem that require contempo-
raneous knowledge of   
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the wind, thermodynamic, and precipitation fields in 
and around supercells.

These gaps in our knowledge, and improvements 
in observing capabilities, motivated the second 
Verification of the Origins of Rotation in Tornadoes 
Experiment (VORTEX2) as a successor to the original 
VORTEX (VORTEX1) and other smaller follow-on 
programs. Using the latest developments in quickly 
deployable observing technology, the primary ob-
jectives of VORTEX2 were to obtain simultaneous 
wind, precipitation (p), and thermodynamic data 
to i) better understand and document the processes 
underlying tornadogenesis, intensification, mainte-
nance, and demise; ii) identify properties of the local 
environment that are influential in the tornado life 
cycle; iii) improve computer modeling and predic-
tion of supercell thunderstorms and tornadoes; and 
iv) improve our understanding of the near-surface 
structure of tornadoes and the relationship between 
tornadic winds and damage.

The overarching goal of VORTEX2 was to im-
prove the understanding of the processes thought 
essential to improving the accuracy, lead time, and 
false-alarm rates of tornado warnings. Delineating 
the subtle, poorly understood, and/or difficult-to-
observe differences among nontornadic supercells, 
weakly tornadic supercells, and violently torna-
dic supercells would further this improvement. 
Additional objectives of VORTEX2, thought to be 
important for improving forecast skill, were to deter-
mine how storms interact with each other and with 
their local environment and how these interactions 

affect tornado genesis, maintenance, and demise. 
Data collected by VORTEX2 also will be used for 
the development of storm-scale numerical weather 
prediction (NWP) systems. Finally, because many of 
the details concerning tornado structure are not well 
understood, such as the vertical distribution of winds 
and the intensity and variability of winds near the 
surface, VORTEX2 sought detailed documentation 
of tornado structure and its relationship to damage.

RECENT OBSERVATIONAL STUDIES 
OF SUPERCELLS AND TORNADOES. 
Our knowledge of tornadoes and supercell storms 
progressed substantially during the latter portion 
of the previous century (e.g., Ludlam 1963; Lemon 
and Doswell 1979; Doswell and Burgess 1993; 
Davies-Jones et al. 2001; Markowski and Richardson 
2009). However, until the mid-1990s, much of this 
understanding arose from theoretical, laboratory, 
and numerical models as well as from low-resolution 
observational studies. Major portions of the concep-
tual understanding of tornadogenesis were unverified 
by actual observations.

VORTEX1: 1994–95. A pivotal moment occurred in 
1994–95, when VORTEX1 established a new experi-
mental paradigm and pioneered a decade of targeted, 
mobile experiments that focused on tornadic storms 
and greatly enhanced our understanding of supercell 
thunderstorms (Rasmussen et al. 1994). Potentially 
tornadic storms were targeted by an array of instru-
mentation, including a quickly scanning mobile 
Doppler radar (Wurman et al. 1997; Wurman 2001, 
2008), FM-CW and W-band radars (Bluestein et al. 
1995, 1997), an array of instrumented vehicles (the 
mobile mesonet; Straka et al. 1996), several mobile 
balloon sounding systems (Rust et al. 1990), several 
mobile photogrammetric teams, deployable in situ 
instrumentation (Winn et al. 1999), and an aircraft 
fitted with a pseudo-dual-Doppler radar system 
(Wakimoto and Atkins 1996). This targetable array 
of cutting-edge instrumentation permitted the 
study of tornadoes and supercells with a degree of 
detail and breadth never before achieved. VORTEX1 
established the viability of employing a large, fully 
adaptable array of land- and air-based instrumenta-
tion to sample short-lived, rare, and nonstationary 
phenomena such as tornadoes. Data, techniques, 
and knowledge from VORTEX1 were used by 
many researchers (e.g., Wakimoto and Atkins 1996; 
Wurman et al. 1996a,b, 1997; Dowell and Bluestein 
1997, 2002a,b; Markowski et al. 1998a,b,c, 2002, 
2003, 2008; Wakimoto et al. 1998; Wakimoto and 
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Liu 1998; Trapp 1999; Rasmussen et al. 2000, 2006; 
Wurman and Gill 2000; Ziegler et al. 2001; Gilmore 
and Wicker 2002; Fierro et al. 2006; Richardson et al. 
2007; Straka et al. 2007) to advance our knowledge 
of tornadic storms.

VORTEX1 resulted in a qualitative change in our 
understanding of tornadic storms. Observations 
revealed striking kinematic similarities between tor-
nadic and nontornadic supercells at scales just larger 
than the tornado, suggesting that tornadogenesis is 
a perhaps fragile process that may depend on subtle, 
unobserved differences in morphologies and pro-
cesses within supercells and their ambient environ-
ments. As such, it is now known that both tornadic 
and nontornadic supercell storms can contain strong 
low-level mesocyclones (Trapp 1999; Markowski 
et al. 2011). Though the importance of downdrafts in 
tornadogenesis was hypothesized before VORTEX1 
(e.g., Ludlam 1963; Davies-Jones 1982a,b), VORTEX1 
field observations and recent idealized simulations 
suggest that the thermodynamic properties of the 
downdraft may play an important role in modulating 
tornado formation and intensity (Markowski et al. 
2002, 2003). Our awareness of the prevalence of 
mesoscale heterogeneities, such as those associated 
with outflow boundaries and anvil shadows in the 
supercell environment, has been heightened, leading 
to numerical simulations to study their effects on 
the evolution of convective storms (Atkins et al. 
1999; Gilmore and Wicker 2002; Fierro et al. 2006; 
Richardson et al. 2007; Frame and Markowski 2010). 
Strong and violent tornadoes often were found to be 
associated with preexisting mesoscale boundaries 
(Markowski et al. 1998c).

Additionally, finescale observations of tornado 
structure and evolution were first obtained during 
VORTEX1. The first detailed three-dimensional 
maps of the winds in tornadoes were obtained by the 
prototype Doppler on Wheels (DOW) mobile radar. 
These three-dimensional maps of the core flow and 
surrounding regions with fine temporal and spatial 
resolution permitted the documentation of the 
horizontal (H) and vertical (V) distribution of intense 
winds and their evolution, central downdrafts, rapid 
changes in tornado structure, and the vertical and 
horizontal distribution of debris (Wurman et al. 
1996a,b; Wurman and Gill 2000; Rasmussen and 
Straka 2007).

Post-VORTEX1 field projects. Building on the adap-
tive, targeted experimental design of VORTEX1, 
several smaller field programs focusing on torna-
does and supercell thunderstorms were undertaken 

during the 1996–2008 period. Several programs, 
such as sub-VORTEX with rear-f lank downdraft 
(RFD; (Markowski et al. 2002; Shabbott and Mar-
kowski 2006) and Analysis of the Near-Surface 
Wind and Environment along the Rear-Flank of 
Supercells (ANSWERS) concentrated on thermody-
namic observations, primarily using mobile mesonet 
vehicles to study the properties of downdrafts and 
their relationship to tornadogenesis (e.g., Lee et al. 
2004; Lee et al. 2011). Other field projects including 
the Radar Observation of Thunderstorms and 
Tornadoes Experiment (ROTATE; Wurman 1998, 
1999, 2003, 2008), utilized mobile or quickly deploy-
able high-resolution radars to study tornadogenesis 
and maintenance (Dowell et al. 2002; Bluestein et al. 
2003a; Wurman et al. 2007b,c; Marquis et al. 2008; 
Wurman et al. 2010; Marquis et al. 2012); tornado 
structure (Wurman 2002; Bluestein et al. 2003b, 2004; 
Alexander and Wurman 2005; Lee and Wurman 
2005; Bluestein et al. 2007a,b; Tanamachi et al. 
2007; Kosiba et al. 2008; Kosiba and Wurman 2010); 
storm-scale processes coincident with tornadogenesis 
(Wurman et al. 2007c; Biggerstaff et al. 2008; Byko 
et al. 2009); the relationship between tornadic winds, 
debris, and damage (Burgess et al. 2002; Wurman and 
Alexander 2005; Dowell et al. 2005; Wurman et al. 
2007a); and supercells that did not produce tornadoes 
(Beck et al. 2006; Frame et al. 2009; Markowski et al. 
2011). ROTATE operated 12 of the 13 post-VORTEX2 
years (1996–2001 and 2003–08) and utilized up to 
three DOWs, including a rapid-scan DOW (Wurman 
et al. 2008), mobile mesonet vehicles, and 12 instru-
mented in situ tornado pods. It collected single- and/
or dual-Doppler data in approximately 140 differ-
ent tornadoes and in many nontornadic supercells, 
allowing for the construction of a radar-based cli-
matology of tornado characteristics and kinematics 
(Alexander and Wurman 2008; Alexander 2010).

MAJOR OUTSTANDING QUESTIONS IN 
TORNADO SCIENCE. Although the afore-
mentioned studies have continued to advance our 
understanding of tornadoes and supercell storms, 
the lack of contemporaneous thermodynamic data 
and high-resolution, radar-derived wind fields has 
limited the ability of these studies to fully diagnose 
the processes involved with tornadogenesis, evolu-
tion, and structure, because the development of 
low-level rotation is likely to depend on both the 
vorticity present in the environment as well as that 
developed baroclinically within the storm’s cold pool. 
Evaluating the contributions of each of these requires 
knowledge of both the wind and thermodynamic 
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fields over multiple spatial scales and over temporal 
periods extending far enough before tornadogenesis 
that parcels participating in the genesis process can 
be traced back through the storm, revealing the 
source of rotation. Recently, several data assimilation 
techniques for convective-scale models have been 
utilized to retrieve the three-dimensional thermody-
namic and hydrometeor fields from single-Doppler 
data (e.g., Dowell et al. 2004; Marquis et al. 2012) 
but, without observations to verify or refute model-
generated output, the veracity of these computer-
generated fields remains largely untested. Several key 
focus areas requiring additional study were identified.

Tornadogenesis. The most pressing problems in tor-
nado science are centered on predicting the occur-
rence of significant tornadoes [i.e., tornadoes capable 
of inflicting damage corresponding to an enhanced 
Fujita (EF) scale rating of 2 or higher]. Identifying 
those storms that will produce significant tornadoes 
is critical because most fatalities and catastrophic 
damage are associated with the small fraction of tor-
nadoes that exhibit the most intense wind speeds (a 
fraction that may be larger than previously thought; 
(Alexander and Wurman 2008; Alexander 2010) and 
the even smaller fraction that impacts densely popu-
lated areas (Brooks and Doswell 2001; Wurman et al. 

2007a). However, this identification is complicated by 
the following observations:

•	 although most significant tornadoes are spawned 
from supercell thunderstorms, most supercell 
thunderstorms do not produce tornadoes and an 
even smaller fraction produce significant torna-
does (Trapp et al. 2005);

•	 if a tornado does occur, it only occurs during a 
small portion of the lifetime of the supercell thun-
derstorm; and

•	 most tornadic supercell thunderstorms, even when 
producing tornadoes, do not produce significant 
tornadoes (Verbout et al. 2006).

A brief review of our current knowledge of tor-
nadogenesis is presented here. The reader is referred 
to Davies-Jones et al. (2001) and Markowski and 
Richardson (2009) for more detailed reviews. In the 
absence of preexisting environmental vertical vortic-
ity, supercell thunderstorms acquire midlevel rota-
tion through the tilting of environmental horizontal 
vorticity by an updraft and the subsequent stretching 
of this now vertical vorticity by the horizontal con-
vergence associated with the updraft (Rotunno 1981; 
Lilly 1982; Davies-Jones 1984). Although the tilting of 
horizontal vorticity solely by an updraft can produce 

Fig. 2. Evolution of the vorticity vector (thin black arrows; the sense of rotation is indicated by the broad, curled 
black arrows) along trajectories (blue) in three situations. The upstream vorticity is streamwise in each case. 
(a) In the case of air rising through updraft, tilting of horizontal vorticity by the updraft alone cannot produce 
vertical vorticity at the surface because air is rising away from the surface as vertical vorticity is acquired. 
(b) In the case of air subsiding through a downdraft in which baroclinic vorticity generation is neglected, the 
horizontal vorticity is tilted downward during descent and returns to a horizontal orientation at the surface. 
(c) In the case of air subsiding through a downdraft in which horizontal vorticity is generated baroclinically by 
a horizontal buoyancy (B) gradient, such that warm air is into the page (the direction of vorticity generation 
is toward the right and indicated by the magenta arrow), the baroclinic vorticity generation introduces, in the 
words of Davies-Jones and Brooks (1993, p. 113), a “slippage between the descending fluid and vortex lines.” 
Subsequent tilting of the vorticity vector allows air parcels to reach the surface having cyclonic vorticity. In-
tense stretching can further amplify the vertical vorticity near the surface (such stretching probably requires 
that the downdraft parcels not be too negatively buoyant, lest they cannot ascend and be associated with large 
dw/dz). Here, (c) is adapted from Davies-Jones and Brooks (1993).
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intense rotation at midlevels, no near-surface rotation 
is generated because vertical vorticity only develops as 
parcels rise away from the surface (Fig. 2). Therefore, 
downdrafts are critical in transporting and/or gen-
erating (through baroclinic effects and subsequent 
tilting) low-level vertical vorticity (e.g., Davies-Jones 
1982a,b; Rotunno and Klemp 1985; Walko 1993; 
Davies-Jones and Brooks 1993; Straka et al. 2007). 
Indeed, dual-Doppler analyses (e.g., Brandes 1978; 
Dowell and Bluestein 1997; Wakimoto and Cai 
2000; Dowell and Bluestein 2002a) and numerical 
simulations indicate that at least some air parcels pass 
through the RFD before entering the tornado (Wicker 
and Wilhelmson 1995).

Downdrafts have long been observed in the rear 
flanks of both tornadic and nontornadic supercells 
(e.g., Ludlam 1963; Fujita 1975; Burgess et al. 1977; 
Lemon and Doswell 1979). Surface observations 
of the RFD suggest that different combinations of 
microphysical and dynamical processes may be im-
portant in different supercells, at different locations 
within individual RFDs, and at different times in 
the same supercell (Markowski et al. 2002; Grzych 
et al. 2007; Hirth et al. 2008). Some tornadic super-
cells contain multiple rear-flank gust fronts (RFGFs; 
Wurman et al. 2007c; Marquis et al. 2008; Wurman 
et al. 2010; Marquis et al. 2012), suggesting that some 
forcing mechanisms may be transient and that RFD 
air reaching the ground nearly contemporaneously 
within the same supercell may reach the ground with 
substantially different thermodynamic properties 
(Finley and Lee 2004, 2008; Grzych et al. 2007). The 
relative importance of these processes in tornadogen-
esis is poorly understood.

Supercells and their environments. Understanding how 
the environments of supercell thunderstorms affect 
their propensity to cause tornadoes is critical to our 
ability to forecast tornadogenesis. Studies have shown 
that environmental variability and surface boundar-
ies can affect storm structure and may instigate tor-
nadogenesis (e.g., Maddox et al. 1980; Marwitz and 
Burgess 1994; Brooks et al. 1994, 1996; Weckwerth 
et al. 1996; Markowski et al. 1998c; Rasmussen 
et al. 2000; Richardson et al. 2007). Although many 
numerical studies have been conducted on isolated 
supercell thunderstorms (e.g., Rotunno and Klemp 
1985), supercells in nature are rarely isolated and their 
environments are frequently complex (e.g., Ziegler 
et al. 2001). Supercells can develop from multiple 
smaller cells (Bluestein and Parker 1993), and rapid 
changes can occur after interaction with another 
cell (e.g., Lemon 1976; Lee et al. 2000; Bluestein and 

Gaddy 2001; Hastings and Richardson 2010). 
Tornadogenesis may occur after storm mergers (Lee 
et al. 2000; Houston and Wilhelmson 2011; Dowell 
and Bluestein 2002a,b; Magsig and Dowell 2004). 
Wurman et al. (2007c) hypothesized that tornadoes 
resulting from cell mergers might tend to be weak and 
short lived. It is not clear which interactions promote 
tornadogenesis and which are detrimental.

Low-level winds in tornadoes. Computer, laboratory, 
and conceptual models of tornado vortices [for a more 
detailed review, see Davies-Jones et al. (2001)] remain 
largely unsubstantiated by reliable quantitative obser-
vations of actual tornadoes. In order to have confi-
dence in conceptual models and theories developed 
from laboratory and numerical experiments, quan-
titative observations are needed in a variety of actual 
tornadoes having a variety of observed structures.

Although observational studies of the low-level 
and core-flow regions are challenging, observations 
by radar and in situ instruments occasionally have 
been obtained. The most frequent observations have 
been by mobile radars at close range to tornadoes (e.g., 
Wurman et al. 1996a,b, 1997; Wurman and Gill 2000; 
Bluestein and Pazmany 2000; Wurman 2002; Lee 
and Wurman 2005; Bluestein et al. 2004; Wurman 
and Alexander 2005; Alexander and Wurman 2005; 
Bluestein et al. 2007a; Tanamachi et al. 2007; Kosiba 
et al. 2008) and occasional in situ observations (Winn 
et al. 1999; Lee et al. 2004; Wurman and Samaras 
2004; Wurman et al. 2007a). In a limited number 
of cases, some basic predictions of the conceptual 
and computational models have been confirmed, 
including the quasi-linear relationship between 
wind speed and distance to the axis of rotation in the 
core-flow region. Sub-tornado-scale vortices within 
large tornadoes also have been mapped (Wurman 
2002; Alexander and Wurman 2005), as have the 
vertical distribution of wind speeds (Wurman et al. 
1996a; Wurman and Gill 2000; Bluestein et al. 2004; 
Wurman and Samaras 2004; Alexander and Wurman 
2005; Bluestein et al. 2007a; Wurman et al. 2007a), 
with suggestions of convergent inflow at the lowest 
levels (Alexander and Wurman 2005; Wurman et al. 
2007a; Kosiba et al. 2008).

Model simulations with a wind engineering focus, 
such as those conducted by Fouts (2003), Sengupta 
et al. (2003), and Selvam and Millet (2003), have 
sought to modify traditional, straight-line wind engi-
neering studies, including those based on wind tunnel 
experimentation. Preliminary results suggest that 
changing winds produce more damage than static 
wind conditions. McDonald (2001) and Marshall 
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(2002, 2004) have suggested that the wind speed–
damage relationships implied in the original Fujita 
scale overestimate the peak winds in tornadoes. Based 
on comparisons of direct radar observations and 
observed damage, Wurman and Alexander (2005) 
proposed that changing wind speeds and directions 
and/or the integrated effect of wind-speed moments 
are correlated with damage just as well as peak-
wind-gust Fujita-scale-type metrics. Except for this 
single case, there exists no extensive field validation 
of measured winds compared to a diverse range of 
damage. Consequently, until the actual nature of the 
tornado low-level wind threat can be better quanti-
fied, building codes cannot be intelligently designed 
to mitigate this threat.

Storm-scale NWP. During VORTEX2 field operations, 
the forecasting and field coordination team incorpo-
rated experimental real-time convection-allowing 
NWP models (Clark et al. 2011) into the process of 
selecting target regions and anticipating convective-
storm evolution. Supporting the development of the 
next generation of high-resolution NWP systems 
(Stensrud et al. 2010; Xue et al. 2000), VORTEX2 
NWP research is focusing on analysis and predic-
tion of supercells, mesocyclones, and tornadoes; 
assessment of parameterization errors for storm-scale 
models; optimal use of observations; and analysis and 
prediction of the prestorm mesoscale environment. 
Unprecedented multisensor and multiscale observa-
tions obtained in the field are available for model 
initialization and forecast verification, enabling one 
to determine the optimal mix of observations, adap-
tive observing strategies, data assimilation methods, 
and forecast models needed for successful storm-scale 
NWP.

THE VORTEX2 FIELD EXPERIMENT. 
Although VORTEX1 and other projects have 
increased substantially our knowledge of tornadogen-
esis, evolution, and structure, key questions remain 
and appear not to be fully addressable using only the 
observations provided by these efforts. Specifically, 
there is a need to observe supercell evolution prior 
to and during tornadogenesis as well as during the 
entire life cycle of the tornado. At minimum, these 
observations need to span periods of 1000–2000 s 
in order to capture key evolutionary processes. In 
addition, simultaneous radar observations must be 
obtained at multiple scales, including the storm scale, 
covering substantial portions of the supercell up to 
well above the melting layer; the mesocyclone scale, 
resolving the kilometer-scale flow surrounding the 

tornado throughout the rear-flank region; and the 
tornado scale, resolving the tornadic circulation itself. 
Storm- and mesocyclone-scale radar observations 
should allow for dual-Doppler synthesis to recon-
struct important kinematic fields (e.g., vorticity and 
divergence) within and around the storm. Critically, 
contemporaneous thermodynamic data are required 
in various regions of the storms, particularly in the 
inflow, across gust fronts, and within the rear- and 
forward-flank downdraft regions.

VORTEX2, managed by a steering committee 
comprising the authors of this report, was designed 
to address these questions. Documentation related to 
VORTEX2, including the scientific program overview 
(SPO), experimental design overview (EDO), and 
operations plan, as well as lists of principal investiga-
tors, instrumentation, and other information, can be 
found at the VORTEX2 website (www.vortex2.org). 
A field catalog is maintained by the National Center 
for Atmospheric Research (NCAR; at http://catalog 
.eol.ucar.edu/vortex2_2010 and http://catalog.eol 
.ucar.edu/vortex2_2009).

Project domain and nomadic plan. In order to maxi-
mize the number of tornadic supercells intercepted, 
VORTEX2 operations followed the ROTATE nomadic 
model and were conducted in a substantially larger 
area of the Great Plains than was done in VORTEX1, 
extending from the Dakotas to southwestern Texas 
and from Colorado/Wyoming to Iowa/Missouri, 
covering more than 1.2 × 106 km2 (Fig. 3). Operations 
in urban areas, in hilly and/or forested terrain, and 
in areas with few roads were avoided when possible.

Data collection phase. Tornadoes are of short duration, 
and they occur relatively infrequently, irregularly, 
and in different geographical locations each year. 
Planning an experiment that targeted such a fickle 
phenomenon posed unique challenges. Ideally, one 
would conduct a many-year study and operate 
throughout the entire peak tornado season, which 
extends from March until July (Brooks and Doswell 
2001) but, because of limitations of funding and 
staffing, it was impractical to do so. The ROTATE 
project, which intercepted approximately 140 tor-
nadoes over 12 field seasons, provided a statistical 
basis for choosing the optimal field operation period 
and for estimating the level of success that could be 
reasonably anticipated by VORTEX2.

Operating over various spatial domains and 
time periods, sometimes shorter and smaller than 
planned for VORTEX2, ROTATE observed tor-
nadoes on an average of 4.9 days per season and 
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significant tornadoes (F2/EF2 or greater), which were 
of the greatest interest to VORTEX2, on 1.3 days per 
season. Data were collected in zero significant tor-
nadoes during 4 of the 12 seasons, yielding an F2+ 
“failure” rate of 33%. However, these failure seasons 
were uncorrelated and occurred during consecutive 
years only once, or 1 out of 11 possible seasons (9%). 
Thus, it was decided to spread the VORTEX2 field 
operations over two years, focusing on the most 
likely time for tornado occurrence in the Great Plains. 
Operations were planned for 10 May–15 June 2009 
and 1 May–15 June 2010.

Observational strategies. One of the central and most 
ambitious goals of VORTEX2 was to obtain contem-
poraneous radar data at multiple scales (storm scale, 
mesocyclone scale, and tornado scale) in tandem with 
in situ thermodynamic and microphysical data col-
lected by a combination of mobile mesonets, arrays 
of deployable weather stations (StickNet and pods), 
an unmanned aerial system (UAS), rawinsondes, and 
disdrometers. These integrated, multiplatform obser-
vations, at the surface and aloft, for long durations 
and at frequent intervals, were critical to testing many 
of the hypotheses related to tornadogenesis, evolution, 
and structure. VORTEX2 employed approximately 
50 vehicles and was staffed by approximately 110 
participants (Table 1), more than half of whom were 
students.

Nesting of storm-scale and mesocyclone-scale 
radar arrays. The multiscale radar observations were 
accomplished by deploying nested groups of radars 
(Fig. 4). Storm-scale coverage was provided by two 
University of Oklahoma (OU) C-band (5.5 GHz) 
Shared Mobile Atmospheric Research and Teaching 
(SMART) radars (Biggerstaff et al. 2005) deployed 
approximately 20–30 km to the south of the forecast 
track of a supercell thunderstorm, with a baseline 
of ~35 km, resulting in a dual-Doppler surveillance 
area of ~1,500 km2 and extending lengthwise for 
approximately 50 km along the storm’s path. Ideally, 
assuming a typical storm motion of 10 m s−1, dual-
Doppler observations through the entire depth of 
the storms could be obtained in this configuration 
for ~1.5 h. (Table 2)

An array of four X-band (9.4 GHz) radars from 
the Center for Severe Weather Research (CSWR) 
(DOW6 and DOW7), the National Severe Storms 
Laboratory (NSSL) (NOXP; Palmer et al. 2009), and 
the University of Massachusetts (UMASS) (UMASS 
XPOL; Kramar et al. 2005) ideally deployed in a 
line ~10 km to the south of the path of the hook of 

the supercell, spaced 10–20 km apart, establishing 
an elongated region of fine-spatial-resolution dual-
Doppler coverage along the path of the mesocyclone. 
As soon as the mesocyclone passed the rearmost 
X-band radar, that radar would move forward to the 
head of the X-band line, thereby ensuring continu-
ous dual-Doppler coverage at the mesocyclone scale. 
The Mobile Weather Radar 2005 X-band Phased 
Array (MWR-05XP) (Bluestein et al. 2010a) would 

Fig. 3. The VORTEX2 operational domain. VORTEX2 
operated in a nomadic fashion throughout a large por-
tion of the high plains and surrounding area. Opera-
tions near certain fixed (Oklahoma) and restricted 
(UAS) assets were sometimes prioritized. Operations 
in the central portion of the domain (dark shade) were 
preferred because of superior terrain (fewer hills, 
trees, and urban areas) and road networks. Locations 
of VORTEX2 intercepts of various types of storms 
are indicated. During 2009–10, about 40 supercell 
thunderstorms were sampled, as summarized in the 
following: 5 tornadic supercells; 9 weakly tornadic 
supercells; 6 tornadic supercells prior to deployment; 
15 nontornadic supercells well sampled; and 8 nontor-
nadic supercells not well sampled. Nine nonsupercell 
storms are indicated.

1153august 2012AMERICAN METEOROLOGICAL SOCIETY |
Unauthenticated | Downloaded 02/13/24 02:58 AM UTC



Table 1. List of major instruments and operating institutions.

Instrument name Operating institution Description

SMART-R1 OU C band (5 cm)

SMART-R2 OU C band (5 cm), dual polarization

DOW6 CSWR
X band (3 cm), dual polarization,  
dual frequency, 18 m T, RH, Wind

DOW7 CSWR
X band (3 cm), dual polarization,  
dual frequency, 18 m T, RH, Wind

Rapid-scan DOW CSWR
X band (3 cm), 6 simultaneous beam rapid 
scan, 14 m AGL, R, RH, Wind

NOXP NSSL X band (3 cm), dual polarization

UMASS XPOL UMASS X band (3 cm), dual polarization

TTUKa1 TTU Ka band (1 cm)

TTUKa2 TTU Ka band (1 cm)

UMASS-W UMASS W band (3 mm)

MWR-05XP NPS/CIRPAS X band (3 cm), phased-array rapid scan

FC NSSL Communications and SASSI control center

Tornado pods (18 platforms) CSWR (16), CU (2)
1-m wind, T, RH; hardened for in situ tornado 
measurements

StickNet (24 platforms) TTU 2-m wind, T, RH; tripods

UAS CU Airborne T, RH

MGAUS NSSL (2), NCAR (2), SUNY(1) Mobile, van based, upsonde systems

Mobile mesonets PSU/NSSL (6), CSWR (4) 3-m wind, T, RH, p; vehicle mounted

Laser disdrometers CU (2), UF (6), NSSL (1), NSSL/UI/NCAR (2) Parsivel laser disdrometers

Photogrammetry LSC, OU, NCAR Cameras, some with integrated GPS navigation

Fig. 4. VORTEX2 radars and deployment schematic: Storm- and mesocyclone-scale radars and a schematic of a 
typical deployment on a supercell. Storm-scale radars SMART-1 (1), SMART-2 (2), and MWR-05XP (C) deploy well 
to the south of the storm, establishing long-duration, dual-Doppler coverage. Mesocyclone-scale radars DOW6 
(6), DOW7 (7), NOXP (N), and UMASS XPOL (U) establish transient dual-Doppler baselines just to the south 
of the hook, leapfrogging in order to maintain continuous coverage. Tornado-scale radars (no photos shown) 
rapid-scan DOW (R), UMW (W), and TTUKa1, and TTUKa2 (K) deploy near to developing or existing tornadoes.
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A lidar system, the Truck-Mounted Wind Observing 
Lidar Facility (TWOLF), was attached to this platform 

(Bluestein et al. 2010b).
This was an idealized de-

ployment strategy that was 
only approximately achieved 
in rea l-world condit ions. 
However, on several occa-
sions, nested storm-scale/
mesocyclone-scale arrays were 
established successfully, such 
as on 9 June 2009 (Fig. 5).1

Su r fac e a n d a i r b o r n e i n 
situ observations integrated 
inside dual-Doppler areas. 
Temperature (t),  relat ive 
humidity (RH), wind, and 
pressure measurements at the 
surface and aloft are need-
ed to characterize the ther-
modynamic and kinematic 
properties of the air in and 
around supercells. Several 
platforms were used to collect 
these data within the radar 

Table 2. Radar characteristics of VORTEX2 radars and lidar.

Radar name Wavelength Transmitter Polarization Volume time
Beam width, range 

resolution

SMART-R1 5 cm mag 250 kW H 180 s 1.5°, 63 m

SMART-R2 5 cm mag 250 kW Dual polarization 180 s 1.5°, 63 m

DOW6 2 × 3 cm mag 2 × 250 kW
Dual polarization 120 s deep

0.9°, 30–60 m
Dual frequency 60 s shallow

DOW7 2 × 3 cm mag 2 × 250 kW
Dual polarization 120 s deep

0.9°, 30–60 m
Dual frequency 60 s shallow

Rapid-scan DOW 3 cm TWT 40 kW H 7 s (rapid scan) 0.8°, 25–50 m

NOXP 3 cm mag 250 kW Dual polarization 120–180 s 1.0°, 75 m

UMASS XPOL 3 cm mag 20 kW Dual polarization 120–180 s 1.2°, 60–150 m

TTUKa1 1 cm mag 10 kW H 0.5°, 30 m

TTUKa2 1 cm mag 10 kW H 0.5°, 30 m

UMASS-W 3 mm mag 1 kW V 0.2°, 30–60 m

MWR-05XP 3 cm TWT 15 kW H 12 s (rapid scan) 2.0°, 75–150 m

TWO-LF 2 µm

1	 These idealized deployment strategies were rarely realized in practice, because of complications related to real road networks, 
storm motion/morphology, and other logistics. Radars would sometimes experience delays; have difficulty finding deployment 
sites unblocked by trees, terrain, or buildings; malfunction; or be unable to redeploy owing to intense intervening precipita-
tion, traffic, poor road networks, or even low clearance overpasses. In general, an attempt was made to have the rearmost 
radars move to the front of the array so that multiple-Doppler radar coverage was maintained as continuously as possible.

Fig. 5. Snapshot of actual deployment of various radars. Storm and 
mesocyclone-scale radars are deployed in real-world road and terrain 
conditions in Kansas on 9 Jun 2009 on a marginally tornadic supercell to 
establish multiple-Doppler coverage.

deploy to observe at the mesoscale and storm scale, 
providing deep volume updates at 7–14-s intervals. 
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coverage area. Mobile mesonets were tasked with 
conducting elaborate transects in various portions of 
the supercell, with a particular focus on the RFD, the 
forward-flank gust front (FFGF) and RFGF, and the 
primary inflow (Fig. 6). There were up to 11 mobile 
mesonet vehicles: 6 provided by NSSL [operated by 
The Pennsylvania State University (PSU) and NSSL], 
1 provided by the Canadian Meteorological Service, 
and 4 combination pod/mesonet vehicles provided 
by CSWR.

The StickNet array, operated by Texas Tech 
University (TTU), consisted of 24 portable weather 
stations designed for deployment over large areas 
(Weiss and Schroeder 2008). Each StickNet probe 
consists of a tripod with weather instruments 
mounted at a height of approximately 1.5 m AGL 
(Fig. 7). The StickNet probes were deployed with a 
spacing of 1–5 km in lines ~20 km in length, ideally 
on several consecutive roads, in advance of the 
approaching supercell. StickNet deployments were 
designed to cover the span of a supercell, with an 
enhanced concentration near the forward-flank and 
rear-flank gust fronts.

During 2010, a UAS, operated by the University 
of Colorado (CU) and the University of Nebraska 
(UNL), provided information about the immediate 
storm environment aloft (Fig. 8). The UAS was 
launched near supercells and flew patterns outside 
the storms, but operations were limited by regulatory 
restrictions to airspace. Operations were permitted 
over only a small portion of the VORTEX2 domain 
(Fig. 3), so on many days when VORTEX2 intercepted 
supercells there were no UAS deployments.

Tornado-scale observations. Four (2009) and then 
six (2010) CSWR vehicles were equipped to carry 
a total of 16 pods (Fig. 9). Each pod contained an 
ultrasonic anemometer, a propeller anemom-
eter, and a shielded temperature/relative humidity 
(T/RH) sensor at a height of 1 m (Wurman 2008). 
A data logger was housed in an armored waterproof 
box at the base. The entire package weighed 
approximately 50 kg and was designed to retain data 
in the event of high winds and/or debris damage. 
The pods were deployed in arrays to maximize the 
chance of achieving multiple transects through the 

Fig. 6. Mobile mesonets used in VORTEX2 and schematic deployment routes through a slow-moving supercell.
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core and surrounding f low of a tornado. Pods also 
could supplement StickNet observations well away 
from the tornado, bringing the total possible number 
of deployable weather stations to 40.

The rapid-scan DOW (DOW5), the TTU Ka-band 
radars (TTUKa1 and TTUKa2) (Weiss et al. 2009), 
and UMASS W-band radar (UMW), hav ing 
half-power beam widths of 0.8°, 0.5°, and 0.19°, 
respectively, provided data with very finescale 

spatial resolution. These radars were deployed near 
to and south of the tornado track, scanning over 
the pod array, in order to provide 2D and 3D wind 
measurements from 15 to 1,000 m AGL (Fig. 10). The 
rapid-scan DOW provided fine temporal-spatial-
scale volumetric updates at 7-s intervals. A pulsed 
Doppler lidar (TWOLF) on the MWR-05XP was 
used in 2010 for clear-air detection at ultra-high 
azimuthal resolution.

Fig. 7. A StickNet weather station and schematic deployment pattern.

Fig. 8. UAS and schematic of flight pattern.
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Microphysical measurements using radars and 
disdrometers. Testing of several hypotheses related 
to tornadogenesis requires knowledge of the micro-
physical properties of the precipitation in various 
portions of supercells. Several of the mobile radars 
had dual-polarization capability, including a SMART 
radar, UMASS XPOL, and NOXP. The DOW6 and 
DOW7 radars were upgraded for the 2010 season 
to dual-frequency, dual-polarization capability and 
could conduct quick-scanning dual-polarization 
measurements. All the dual-polarization radars had 
two missions because they were critical components 
of the nested dual-Doppler arrays described above. 
On each mission day, scanning was optimized either 

for dual-polarization objectives (scanning through a 
deeper layer in the storm with slower updates) or for 
dual-Doppler objectives (shallower scanning with 
more rapid updates).

Several rapidly deployable disdrometers (Fig. 11), 
provided by the University of Colorado, the University 
of Florida (UF), the University of Illinois (UI), NCAR, 
and NSSL, were deployed in areas of the storm that 
had dual-polarization radar coverage in order to relate 
microphysical observations aloft to those at the surface.

Storm environment measurements with sounding 
systems. In order to characterize the local environ-
ment in which supercells form and are maintained, 
Mobile GPS Advanced Upper-Air Sounding Systems 
(MGAUSs), operated by NCAR, NSSL, and the State 
University of New York at Oswego (SUNY), launched 
instrumented balloons at frequent intervals near 
storms (Fig. 12). Sondes were launched prior to 
convective initiation in order to assist forecasting 
decisions and to capture changes in the local environ-
ment thought to be conducive to supercell formation. 
Once the supercell had formed, the environment 
surrounding the storm was sampled.

Photogrammetry at tornado and storm scale. 
Photogrammetry teams from NCAR, Lyndon State 
College (LSC), and OU deployed at various locations 
near the storms (Fig. 12). Some of these teams were 
collocated with mesocyclone-scale radars, usually 
DOW6 and DOW7, or tornado-scale radars in order 
to conduct an integrated photographic-radar analysis 
of storm and tornado structure. These teams were 
also available for damage surveys. Other teams docu-
mented the evolution of various other portions of the 
supercell, such as the RFD.

Fig. 10. Schematic diagram of deployment of tornado 
pod array with a tornado-scale radar scanning over 
the pods.

Fig. 9. A tornado pod and tornado-scale radars.
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Field logistics. The size and mobility of VORTEX2 
posed unique challenges to achieving both safe and 
efficient field operations.

Forecasting. Forecasting of target regions a day in 
advance of, on the morning of, and during the day of a 
mission was critical. Members of the VORTEX2 steering 
committee rotated through the morning forecast duties 
in 2009, whereas in 2010 members of a dedicated field 
forecast team led these discussions. During missions, 
forecasting was led by the field coordination team. 
VORTEX2 used imagery (ranging from environmental 
data to experimental numerical model guidance) 
obtained from the internet with mobile broadband 
systems, real-time Weather Surveillance Radar-1988 
Doppler (WSR-88D) data, and real-time environmental 
and storm-scale data collected by VORTEX2 in the 
field (e.g., soundings, mobile-mesonet observations, 

and radar data) to assess the rapidly evolving weather 
situations. Participants at the National Weather Cen-
ter’s Hazardous Weather Testbed facility assisted with 
forecasting, nowcasting, and facilitating communica-
tion with the National Weather Service, the Storm 
Prediction Center, and public safety officials with real-
time information from the field.

Communications and coordination. One of the most 
challenging aspects of VORTEX2 was the coordination 
of nearly 50 scientific vehicles. Deployment strategies 
were complex and fluid in rapidly changing weather 
scenarios. Supercell thunderstorms posed a risk to 
crew and vehicle safety, producing large hail; haz-
ardous winds; frequent lightning; f lash f looding; 
low visibility; hydroplaning hazards; and, of course, 
tornadoes with the attendant hazards associated with 
extremely high winds and airborne debris.

Fig. 11. Disdrometers and schematic deployment strategy.

Fig. 12. (left) Mobile balloon launching team. (middle) Photogrammetry equipment. (right) Schematic of 
deployment pattern.

1159august 2012AMERICAN METEOROLOGICAL SOCIETY |
Unauthenticated | Downloaded 02/13/24 02:58 AM UTC



Based on experiences from VORTEX1, ROTATE, 
sub-VORTEX-RFD, and other tornado studies, it 
was decided that decentralized coordination was 
critical because of the number and variety of vehicles, 
platforms, and missions. Thus, control of deploy-
ments was split among several coordinators: mobile 
mesonet, radar, field, UAS, balloon, etc. Overall 
targeting, forecasting, and logistical decisions were 
made through a consensus of these coordinators 
(Fig. 13). Initial mission and targeting decisions were 
made at morning meetings by consensus of the prin-
cipal investigators, with a mission scientist (member 
of the VORTEX2 steering committee, according to a 
predetermined schedule) leading mission discussions 
and breaking ties, when needed.

To facilitate this decentralized control model, 
a high level of situational awareness among all the 
participants was needed. The Situational Aware-
ness for Severe Storm Intercepts software (SASSI) 
was designed with this in mind, providing real-time 
vehicle tracking, weather display, and chat capabili-
ties through cellular internet (Fig. 14). Participants 
and coordinators could communicate via chat with 
their team leaders and others. Coordinators could 
annotate maps to provide awareness of the forecast 
location of the mesocyclone, future multiple-Doppler 
lobes, and hazards such as washed out roads. SASSI 

was controlled through a 
field coordination vehicle 
(FC),  wh ich prov ided 
nowcasting and strategic 
guidance.

Several teams operated 
very high-frequency (VHF) 
radios, some with power up 
to 200 W. Several platforms 
had pneumatic masts that 
could be raised (e.g., DOWs 
to 18 m AGL, the FC and a 
SMART radar to 13 m AGL) 
to achieve VHF ranges up 
to a few tens of kilometers. 
Intrateam communica-
tion among several of the 
radars, mobile mesonets, 
StickNet, and tornado pod 
teams was often conducted 
via VHF radio, particularly 
when an internet connec-
tion was not possible.

Lodging, food, and fuel. 
VORTEX 2 had unique 

logistical challenges due to its fully nomadic nature, 
requiring lodging (~100 hotel rooms) for up to 160 
participants and observers in different small cities 
every evening, with little notice. Each afternoon, a 
consensus decision was made concerning the over-
night location for VORTEX2, even though the current 
day’s mission often was far from complete. At times, 
fueling of over 50 vehicles and obtaining food and 
restroom services could overwhelm local facilities. 
We know of no precedent in any science project for 
billeting a group this large in different locations, on 
such repeatedly short notice.

PRELIMINARY RESULTS AND SUMMARY. 
During the 2009 and 2010 field phases of VORTEX2, 
data were collected in about 40 supercells, about 14 of 
which produced tornadoes observed by at least some 
VORTEX2 instruments (Fig. 3). The year 2009 was 
very challenging for studying tornadic supercells. May 
2009 was particularly quiescent and, consequently, 
many objectives of the VORTEX2 project were not 
achieved during this period. However, weather condi-
tions became more propitious for scientific study in 
June 2009. In particular, a long-lived, strong tornado, 
which occurred in Wyoming on 5 June 2009, became 
the best-sampled tornadic supercell to date. Several 
other days in 2009, including 7, 9, and 11 June, yielded 

Fig. 13. Schematic of decentralized communications flow in VORTEX2. 
(right) FC managed SASSI, provided nowcasting and coordination for the 
VORTEX2 fleet, and provided communications with nonfield forecasters. 
(left) DOWs and other vehicles with masts could communicate and relay 
messages using VHF over long ranges.
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data in nontornadic and weakly tornadic supercell 
thunderstorms. During 2010, data were obtained in 
over a dozen tornadic supercells. Particular events 
of interest include 10, 12, 19, and 25 May and 7 and 
13 June. With the exception of 10 May 2010, most 
of these tornadoes were weak and/or short lived. A 
summary of the most interesting cases as identified 
by VORTEX2 PIs is provided in Table 3.

The integration of diverse datasets into coherent 
analyses is a complex process. In nearly all of the 
cases, combined multiple-Doppler and thermody-
namic analysis are being conducted through col-
laborations among multiple groups. In addition to the 
listed cases, more specialized analyses, often focusing 
on data from unique or experimental instruments 
(i.e., TWOLF/MWR-05XP data and photogram-
metry) also are being conducted. Analyses of these 
cases are ongoing and the final results will be pub-
lished elsewhere. Some very preliminary results were 
presented at the American Meteorological Society’s 
Severe Local Storms Conference in Denver, Colorado, 

in October 2010 and at the Radar Meteorology 
Conference in Pittsburgh in 2011. An unofficial count 
revealed 46 individual presentations at the Denver 
meeting and 21 presentations at the Pittsburgh 
meeting that focused on or discussed preliminary 
results from VORTEX2.

Although final analyses are not complete, some 
preliminary examples of work in progress on one of 
the more comprehensive datasets are presented here, 
to illustrate the diversity of the observations and the 
potential for integration of different datasets to better 
understand these storms. On 5 June 2009, VORTEX2 
observed the complete life cycle of a long-lived and 
strong tornado. Multiple radars, mobile mesonets, 
pods, disdrometers, StickNet, and photogrammetry 
teams were deployed during all or part of the tornado’s 
lifetime. A long-duration dual-Doppler and mobile 
mesonet deployment was achieved (Fig. 14). At one 
time, at least six different radars were observing the 
storm (Fig. 15). Multiple-Doppler, mobile mesonet, 
and other data were collected from well before the 

Fi g. 14. SASSI screen grab 
showing tornadic supercell , 
annotations, and location of 
various VORTEX2 teams at 
2214 UTC 5 Jun 2009, the time 
of a mature tornado. DOW6 and 
DOW7 had established dual-
Doppler coverage starting at 
2142 UTC, while other mesocy-
clone and storm-scale radars are 
deployed to the east to establish 
storm-scale and later coverage. 
Mobile mesonet vehicles are de-
ployed under the mesocyclone. 
Photogrammetry, StickNet, 
disdrometer, and sounding teams are displayed. (top right) Track of tornado and DOW dual-Doppler lobe. 
(bottom right) Excerpt from SASSI chat among VORTEX2 teams during period leading up to tornadogenesis.
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tornado formed through demise, revealing the 
kinematic and thermodynamic structures associated 
with multiple gust fronts, a descending reflectivity 
core (DRC), and the origins of air parcels entering 
the low-level mesocyclone and tornado.

Well prior to tornadogenesis, there were two 
distinct regions of significant cyclonic rotation: 
one region extended to low levels and was associ-
ated with vortex lines that arched upward out of 
the outf low (the orientation of these vortex lines 
strongly suggested they originated from baroclinic 
vorticity generation), and the other was associated 
with the midlevel mesocyclone, from which vortex 
lines extended into the warm sector to the south-
southwest. The intensification of low-level rotation 
was preceded by the formation of a DRC, similar to 
others that have been documented in some super-
cells recently (Rasmussen et al. 2006; Kennedy et al. 
2007a,b; Byko et al. 2009; Markowski et al. 2012a,b) 
(Fig. 16). During tornadogenesis, the rear-f lank 
downdraft strengthened and a secondary rear-flank 
gust front similar to those recently documented in 
other tornadic supercells (Wurman et al. 2007a; 

Marquis et al. 2008, 2012) formed. Orientation of 
the vortex lines/arches continued to suggest that the 
low-level circulation was baroclinically generated. 
Although the tornadic circulation primarily com-
prised parcels originating in the forward f lank of 
the storm, not the rear f lank, variation in second-
ary rear-f lank downdraft strength was associated 
with increased convergence and tilting of horizontal 
vorticity near the tornadic circulation, tornadogen-
esis, and intensity changes in the nascent tornado 
(Kosiba et al. 2012, manuscript submitted to Mon. 
Wea. Rev.) (Fig. 17). Combined photogrammetric 
and radar analyses of the mature tornado indicate 
that the strongest winds near the surface were outside 
the visible condensation funnel and that there were 
separate maxima in the rotational wind, one near the 
surface and the other near the cloud base (Wakimoto 
et al. 2011; Atkins et al. 2012) (Fig. 18).

VORTEX2 is poised to address many important 
questions relating to tornadogenesis and tornado struc-
ture. It is also likely that analysis of the rich suite of new 
observations obtained by VORTEX2 will result in new, 
unanticipated questions. For example, an unexpected 

Table 3. High-priority analysis days from 2009 and 2010.

VORTEX2 cases—2009 Location Description

15 May Northwest OK Squall line, mesovortices

5 Jun Goshen County, WY Tornadic and nontornadic supercells

7 Jun Oregon to Maysville, MO Weakly tornadic supercell

9 Jun Ford to Greensburg, KS Nontornadic supercell

11 Jun La Junta to Lamar, CO Nontornadic supercell pair

VORTEX2 cases—2010 Location Description

6 May Oberlin, KS Elevated supercell

10 May East-central OK Tornado outbreak

12 May Near Weatherford, OK Weakly tornadic supercell

15 May Near Artesia, NM High-based storm

18 May Dumas to Stinnett, TX Tornado; classic  HP supercell

19 May Near Kingfisher, OK Weakly tornadic storm

24 May Ogallala to Gothenburg, NE Supercells, squall line, QLCS tornado

25 May Tribune, KS Landspouts and supercell tornadoes

26 May Prospect Valley, CO High-based nontornadic supercell

6 Jun Grant and Ogallala, NE Two nontornadic supercells

7 Jun Mitchell and Scottsbluff, NE Two tornadic supercells

10 Jun Hoyt to Last Chance, CO Nontornadic supercell, tornadic supercell

11 Jun Limon to Bovina, CO Weakly tornadic supercell

13 Jun Perryton to Booker, TX, to Laverne, OK Tornadic supercell

14 Jun Wilson to Tahoka, TX Supercell with gustnadoes, flooding
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and as yet unexplained phe-
nomena, a thin low-reflec-
tivity ribbon (LRR) com-
pletely bisecting the forward 
and rear f lanks of some 
supercells, was observed 
for the first time during 
VORT E X 2 .  O n e  L R R 
(5 June 2009) was character-
ized by deep (up to 25 dBZ) 
reflectivity deficit and very 
narrow (~600 m) width, 
and it extended through 
the full depth of a super-
cell, effectively bisecting 
the high-reflectivity regions 
of the forward f lank and 
rear f lank near the time 
of tornadogenesis. It was 
shown that a ir parcels 

Fig. 16. View from the southwest and from above of the 55-dBZ DOW7 
reflectivity isosurface (green) and vertical vorticity isosurfaces of 0.02 (gray), 
and −0.01 s−1 (yellow) at 2144 UTC 5 Jun 2009 (8 min prior to tornadogen-
esis). The gust front is indicated with a heavy cyan line. Vortex lines that 
pass through the midlevel mesocyclone are blue; these originate in the warm 
sector. Vortex lines that pass through the low-level mesocyclone are black 
and arch upward out of the outflow behind the gust front. In the view from 
above, the direction of the vorticity vector is indicated by the arrowheads. 
Axis labels are in kilometers (adapted from Markowski et al. 2012a).

Fig. 15. Doppler velocity and reflectivity images of the 5 Jun 2009 Goshen County, Wyoming, tornadic 
supercell observed by seven VORTEX2 radars at approximately 2216 UTC. Viewing angles, native radar 
resolution, wavelength, and range to the tornado all affect the appearance of the supercell, hook echo, 
and tornadic region. RDOW: Rapid-Scan DOW, SR1: SMART-Radar 1, UMXP: UMASS XPol.
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entering a developing tornado passed near but not 
through the LRR (Kosiba et al. 2012, manuscript sub-
mitted to Mon. Wea. Rev.). Another LRR (13 June 2010), 
observed by multiple dual-polarization radars near 

the time of tornadogenesis, 
exhibited a similar mor-
phology and low differential 
ref lectivity, suggestive of 
small rain droplets (Fig. 19). 
The role of these LRRs, if 
any, in tornadogenesis re-
mains unclear and may in-
spire post-VORTEX2 study.

The f ield port ion of 
the VORTEX2 project has 
concluded and analysis of 
the data is underway. The 
field phase resulted in un-
precedentedly diverse data 
collection in several dozen 
tornadic and nontornadic 
supercell thunderstorms, 
as well as quasi-linear con-
vective systems (QLCSs) 
(Bryan and Parker 2010) 
and other phenomena. 
Comparisons between the 

tornadic and nontornadic cases are expected to 
increase our understanding of the subtle differ-
ences between them, contributing to the goal of more 
accurate watches and warnings.

Fig. 17. (left) DOW6−DOW7 dual-Doppler winds at 300-m AGL during the tornadogenesis period. The yellow 
contour depicts the 30-dBZ DOW7 reflectivity isopleth, vectors represent the horizontal winds, shading depicts 
the vertical winds, black contours depict vertical vorticity > 0, and green contours depict vertical vorticity < 0 and 
are contoured every 0.02 s−1. The primary RFGF (PRFGF), secondary RFGF (SRFGF), and FFGF are delineated 
by solid gray lines. Evolution of the SRFGF was associated with changes in convergence and tilting of horizontal 
vorticity and modulations in nascent tornado intensity. (right) Air parcel trajectories enter the tornadic circula-
tion from the forward flank (cyan) and rise (dark cyan). Parcels descending in the RFD (green) rise along the 
PRFGF (dark green). Vortex arches (red) suggest baroclinic generation of vorticity. Near-surface reflectivity 
is shaded in color and the 40-dBZ 3D isosurface is gray (adapted from Kosiba et al. 2012).

Fig. 18. Photogrammetric analysis of the 5 Jun 2009 tornado at 2210 UTC. 
Doppler winds (red contours) are overlaid over the visible image. Peak 
Doppler velocities are outside the visible condensation funnel at this time 
(adapted from Wakimoto et al. 2011).
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