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ABSTRACT

Temporal changes in stability and shear associated with the development of thunderstorms are quantified
using the enhanced temporal resolution of combined Atmospheric Emitted Radiance Interferometer
(AERI) thermodynamic profile retrievals and National Oceanic and Atmospheric Administration (NOAA)
404-MHz wind profiler observations. From 1999 to 2003, AERI systems were collocated with NOAA wind
profilers at five sites in the southern Great Plains of the United States, creating a near-continuous dataset
of atmospheric soundings in both the prestorm and poststorm environments with a temporal resolution of
up to 10 min between observations.

Median values for several standard severe weather indices were calculated for tornadic storms and
nontornadic supercells. It was found that instability generally increases throughout the preconvective pe-
riod, reaching a peak roughly 1 h before a tornado forms or a nontornadic supercell forms large hail. Wind
shear for both tornadic and nontornadic storms starts to increase roughly 3 h before storm time. However,
indices are highly variable between time and space and may not be representative of the environment at
large.

1. Introduction

Showalter (1953) introduced convective indices to
characterize the ability of the environment to support
convection. Many climatologies of the convective sta-
bility of environments associated with the development
of certain types of storms (e.g., Brooks et al. 1994; Ras-
mussen and Blanchard 1998) are based upon in situ
profiles taken with rawinsondes launched at the synop-
tic times of 0000 and 1200 UTC. Only one observation
time per storm is used in the calculation of these sta-
tistics due to the 12-h temporal resolution of the obser-
vations, making it difficult to investigate the evolution
of preconvective environmental stability and shear us-
ing rawinsondes alone. Similarly, monitoring stability
changes during the lengthy interval between rawin-
sonde launches is a challenge for operational forecast-
ers (Johns and Doswell 1992; Moller 2001). Instead of
rawinsondes, Thompson et al. (2003) used supercell
proximity soundings modeled by the Rapid Update
Cycle-2 (RUC-2) numerical weather prediction model
(Benjamin et al. 1998) to create a climatology of con-

vective indices by storm type, but as only one model
sounding per storm was used, the evolution of environ-
mental convective indices throughout the storm life
cycle was not investigated.

Ground-based remotely sensed observations can pro-
vide a nearly continuous series of observations of tem-
perature, moisture, and wind profiles. Observations of
the lower troposphere are available at a temporal reso-
lution of better than 10 min by combining the physical
temperature and moisture retrievals obtained from ra-
diance observations of the Atmospheric Emitted Radi-
ance Interferometer (AERI; Knuteson et al. 2004a,b)
with wind vector observations from the National Oce-
anic and Atmospheric Administration (NOAA) Profil-
ing Network (NPN).

From late 1999 through 2003, AERI instruments
were placed at or near five NPN sites in Oklahoma and
Kansas as part of the U.S. Department of Energy
(DOE) Atmospheric Radiation Measurement (ARM)
program (Stokes and Schwartz 1994). Four of the
AERI units were located on site of the NPN installa-
tion; the fifth was separated by 20 km. With 4 yr of
near-continuous data observed by this array of obser-
vation sites in the southern Great Plains (SGP) of the
continental United States, where severe convective ac-
tivity is common, aggregate statistics of trends in atmo-
spheric stability and shear can be analyzed.
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2. Instrumentation overview

a. AERI

AERI is an accurately calibrated ground-based inter-
ferometer that measures downwelling infrared thermal
emissions from the atmosphere. It has a spectral reso-
lution of better than one wavenumber over the interval
of 550–3300 cm�1 (18–3 �m). During the course of its
7-min observation cycle, AERI records an atmospheric
spectrum and calibrates itself against two blackbodies
obtaining a radiometric accuracy of better than 1% am-
bient radiance and reproducibility of better than 0.2%.
It is automated and field-hardened; diagnostic check-
ups can be completed remotely, making it suitable for
installation in a variety of harsh environments.

Profiles of temperature and moisture can be obtained
from AERI-observed spectra through a combined sta-
tistical and physical retrieval. A brief outline of the
AERI retrieval algorithm is presented here; further de-
tails can be found in the literature (Smith et al. 1999;
Feltz et al. 1998, 2005).

In the retrieval process, a first guess for a valid profile
is formed by blending output from the RUC-2 numeri-
cal weather prediction model with statistical regressions
of radiances obtained from using a radiative transfer
model on clear-sky rawinsonde profiles of temperature
and moisture. The RUC-2 four-dimensional gridded
data are interpolated in time and space to obtain a
profile of the atmospheric state that coincides with the
AERI observation while the finer vertical resolution of
the statistical regressions is used in the lower atmo-
sphere where finer-scale phenomena like inversions are
present. This first guess is then processed through a
forward radiative transfer model along with surface ob-
servations of temperature and moisture to convert the
first-guess profile into a radiative spectrum that is then
compared with the observed AERI spectrum. The
modeled spectrum is then adjusted to minimize the dif-
ference between the modeled and observed radiances
and the cycle iterates until the resulting profile has ra-
diance measurements within a specified tolerance of
the AERI observation. Since clouds and precipitation
are infrared emitters, retrievals are only possible when
skies are clear or clouds are high. Data taken from a
laser ceilometer are ingested into the algorithm to en-
sure that these conditions are met. AERI-retrieved
profiles show good agreement with rawinsonde thermo-
dynamic profile and stability observations (Feltz et al.
2003a,b; Feltz and Mecikalski 2002; Turner et al. 2000).

b. NOAA Profiling Network

The NPN consists of 32 sites in the continental
United States plus three in Alaska. The radar wind

profilers (Chadwick and Hassel 1987) operate at a fre-
quency of 404.37 MHz, using a fixed phased-array co-
axial–colinear grid antenna. An NPN radar consists of
three beams: one pointing vertically and two others
pointing north and east at an elevation angle of 73.7°.
By observing reflectivity gradients in the clear air, the
radar is able to generate a three-dimensional profile of
wind vectors. The radar profiler samples in two modes:
low- and high-altitude mode; the boundary between the
two modes is at 7.5 km above ground level (AGL). No
observations higher than 6 km in altitude are used in
this study; therefore, all observations come from the
low-altitude mode, which has a 250-m vertical resolu-
tion.

NPN observations are currently taken every 6 min.
As with AERI dwell time, this allows for frequent sam-
pling while allowing enough time for averaging to re-
duce some of the noise. Radar wind profilers show
good agreement with rawinsonde observations. Bedka
et al. (2006) compared over 700 rawinsondes launched
from the ARM SGP Central Facility in Lamont, Okla-
homa, and found the profiler wind speed RMS error for
the 6-min resolution observations was 2.43 m s�1 with a
bias of �0.19 m s�1.

3. Methodology

To help determine that the majority of prestorm ob-
servations were representative of the inflow region of a
developing storm, the storms evaluated in this study
were located within a radius of 200 km of an AERI site
and within an angle of �75° downwind of the mean
surface wind vector during the 6 h prior to storm time.

The SeverePlot database (Hart 1993) was used to
determine the times and locations of severe weather
events. NOAA’s Storm Prediction Center (SPC) main-
tains this database of tornadoes, severe wind, and se-
vere hail, and it is accessible through a graphical inter-
face. SeverePlot includes the times, dates, latitudes,
longitudes, and magnitudes of these severe weather
events, and was used to locate all reported tornadoes
that initially formed in the southern Great Plains during
the 4-yr period of AERI deployment. If multiple tor-
nadoes formed within 6 h of each other and were ob-
served by the same AERI site, only the first tornado
was included in the statistical analysis presented here; if
treated separately, two tornadoes occurring in the
range of the same observation site within a short time
span would return almost identical observations and
improperly bias the statistical analysis. A map of the
locations of the AERI sites as well as the storms inves-
tigated in this study is shown in Fig. 1.

Stability and shear indices were calculated for the
remaining tornadic events using the combined AERI
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and NPN observations. Observations from these
ground-based instruments are not always continuous,
however. AERIPROF (Feltz et al. 2005), the AERI
profile retrieval algorithm, will reject observations
when low clouds are present and AERI automatically
closes its optics hatch when precipitation is detected,
making observations impossible during those times.
The AERI profiles used in this study were augmented
with the RUC-2 first-guess profile when thermody-
namic retrievals were not possible due to these condi-
tions. As a result of this procedure, different storm
types are typically analyzed with different datasets de-
pending on the environment in which they form. Tor-
nadoes that develop from supercells are more likely to
be observed by AERI, while tornadoes that are gener-
ated by quasi-linear systems or other environments
with substantial cloud cover must be analyzed with
RUC-2 data. Storms occurring prior to March 2002 are
analyzed with hourly NPN data instead of 6-min data as
the finer-resolution data are not available through the
ARM data archive.

Nontornadic supercells remain an active area of
study, in part to determine why some storms that seem
potentially tornadic do not form tornadoes. Since the
SeverePlot database does not contain a list of these
storms, such a dataset had to be created from other

observations. For this study, a nontornadic supercell
was considered to be a storm that produced hail of 5 cm
(2 in.) or larger and was separated from a tornado by
more than 6 h. This hail diameter criterion was intro-
duced by Rasmussen and Blanchard (1998) under the
assumption that only rotating updrafts would be large
enough to support hail of that size. Thompson et al.
(2003) found that 90% of the 5 cm or larger hail reports
could be linked to supercells. As many tornadic storms
produce hail, the temporal separation requirement is
necessary to prevent classifying environments that are
capable of producing both tornadic and nontornadic
storms as purely nontornadic. Issues are raised with this
methodology, however. While a tornadic storm clearly
has a time of definition associated with it, the time at
which a storm can definitively be labeled as a nontor-
nadic supercell is less clear as proxy evidence can ac-
curately determine neither the time that updraft rota-
tion begins nor the time that tornado formation is no
longer possible for a particular storm. For this study,
the time associated with a nontornadic storm merely
represents the earliest report of hail greater than or
equal to 5 cm in diameter. In light of this, this study uses
the term “event time” to represent the time when a
storm is defined as a tornadic or nontornadic event. The
same criteria for deleting multiple tornadoes were ap-

FIG. 1. Map of the experiment domain. Shown are the locations of tornadoes and supercells
used in this study (black triangles and white circles, respectively), as well as the five AERI
installations (shaded stars).
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plied to supercells, and thenceforth the same proce-
dures for index calculation and interpolation were used.
These procedures resulted in 46 tornadic events and 18
nontornadic events used as the basis for this study. The
median event time for the storms used in this study was
0003 UTC for tornadic events and 0043 UTC for non-
tornadic events. Thus, the aggregate evolutions of en-
vironments for both storm types contain similar diurnal
forcing.

4. Results

All convective indices that were calculated for this
study were adjusted to a common temporal grid encom-
passing 8 h before event time to 2 h after in order to
assess the evolution of the environment throughout the
life cycle of the storm. The median value of an index for
each time step for all storms of a given type was then
calculated. Running means of 1 h were calculated to
reduce noise and aid in the assessment of trend evolution.

Variability is large in the values of convective indices
for these storms, both in comparison from one storm to
another as well as from one observation time to the
next within an individual storm. Indices are highly de-
pendent on the measured values of the thermodynam-
ics and kinematics in the lowest levels of a profile. Small
fluctuations in low-level moisture and boundary layer

winds will cause significant change from one time step
to the next. As AERI weighting functions peak close to
the surface, the highest vertical resolution in the ther-
modynamic profiles used in this study is found where
the observations have the most impact on calculated
indices, contributing to the observations of large tem-
poral variability.

For tornadic storm environments, the median value
of the convective available potential energy (CAPE;
Moncrieff and Green 1972) shows a gradual trend of
increasing instability until 1 h before tornadogenesis
(Fig. 2), reaching a peak of over 2200 J kg�1. The
CAPE then drops off quickly until tornadogenesis, af-
ter which it continues to decrease at a slower rate. Non-
tornadic supercell environments exhibit a slightly dif-
ferent behavior; the median value of CAPE exhibits a
faster increase than the median tornadic environment
CAPE, rising from around 1300 J kg�1 at 6 h before
event time to a peak of over 2000 J kg�1 at 2 h before
event time, a value slightly larger than the CAPE value
for tornadic storms at that time. This is followed by a
prolonged reduction of CAPE. During the postevent
time domain, the median tornadic CAPE exhibits
slightly more constant behavior than nontornadic
CAPE. All CAPE values presented here are most un-
stable CAPE (muCAPE), and the virtual temperature
correction (Doswell and Rasmussen 1994) was applied.

FIG. 2. Plot of median values of CAPE as derived from AERI-retrieved thermodynamic
profiles for tornadic storms (solid line) and nontornadic storms (dashed line) from 8 h before
storm formation to 2 h after storm formation. The 1-h running mean is highlighted as the thick
line; the thin line is without the running mean applied.
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The median value of convective inhibition (CIN; Fig.
3) is larger for tornadic environments than it is for non-
tornadic supercell environments throughout the storm
development cycle. The quantity of least median CIN
in both tornadic and nontornadic environments is
found between 2 and 4 h prior to event time, with the
median tornadic CIN reaching a brief minimum of 20 J
kg�1 with a running mean near 50 J kg�1 and median
nontornadic CIN reaching a minimum of less than 5 J
kg�1. Outside of the time of minimum median values
between 2 and 4 h prior to event time, median tornadic
CIN is roughly 5 times the median nontornadic CIN
throughout the storm formation cycle.

Just as thermodynamic indices are used to quantify
convective instability present in the environment, kine-
matic indices can be used to quantify the amount of
wind shear. One of the most common measurements of
wind shear is storm-relative helicity (SRH; Davies-
Jones et al. 1990). Environments with large levels of
SRH have been shown to support longer-lived storms
than those that form in environments with lesser levels
of SRH (Droegemeier et al. 1993). Median values of
0–3 -km storm-relative helicity can be calculated by us-
ing the wind profiles measured by NPN and applying a
storm motion parameterization to obtain the required
storm-relative wind speeds. To assess storm motion
from a single observation point, the Bunkers scheme is
used (Bunkers et al. 2000), in which the storm motion
of a right-moving supercell (VRM) is

VRM � Vmean � D�Vshear � k
�Vshear�

�, �1�

where Vmean is the 0–6-km mean wind vector, D is the
deviation of the mean wind vector of 7.5 m s�1, and
Vshear is the vertical wind shear vector. The results from
the NPN sites in the SGP show that the median value of
the tornadic environment SRH is mostly constant in the
hours before tornadogenesis, staying between 225 and
250 m2 s�2 until tornado formation is imminent (Fig. 4).
From 1 h before event time to 2 h after, the median
value of tornadic SRH increases linearly with time, at
the rate of 40 m2 s�2 h�1. From 6 h prior to event time
to 0.5 h prior to event time, the median nontornadic
SRH is less than the tornadic SRH. Median nontor-
nadic SRH also exhibits a slightly faster linear increase
with time, increasing by 50 m2 s�2 h�1 from 2 h prior to
event time to 2 h after.

The energy–helicity index (EHI; Hart and Korotky
1991) is calculated by combining the CAPE and 0–3-km
SRH as follows:

EHI �
CAPE � SRH

1.6 � 105 . �2�

Since both thermodynamic and kinematic observations
are required, observations from both AERI and radar
wind profilers were used to calculate EHI for this study.
It was found that EHI was larger than nontornadic EHI
for the 8 h preceding event time, with the biggest dif-

FIG. 3. As in Fig. 2, but for CIN.
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ference being between 2 and 1 hour before event time.
Both tornadic and nontornadic EHIs show an increas-
ing trend from 5.5 h before event time to 1 h before
event time, at which time the tornadic EHI starts to
decrease while the nontornadic EHI remains constant
(Fig. 5). This mirrors the evolution of CAPE for these
storm types as EHI is strongly dependent on CAPE.

Like the EHI, the bulk Richardson number (BRN;
Weisman and Klemp 1982) is a combination of thermo-
dynamic and kinematic observations. While EHI is a
product of instability and shear, BRN is a ratio of the
two:

BRN �
CAPE

0.5U2 , �3�

where U is the difference between the density-weighted
mean wind vector of the lowest 6 km and the mean
wind vector of the lowest 500 m. BRN is a unitless
parameter as the units of CAPE and velocity squared
are equivalent. The median value of BRN in tornadic
environments is at its highest 5 h prior to tornadogen-
esis, then decreases until tornadogenesis, after which it
holds steady at 25 (Fig. 6). Tornadic BRN exhibits less
variability than nontornadic BRN, which could possibly
mean that environments featuring highly variable val-
ues in the ratio of instability to shear are not conducive
to tornado formation. Further work is needed to deter-
mine if tornadic development requires consistency in
the mesocyclones formed by shear and buoyancy.

To determine the statistical significance of the differ-
ences between the tornadic and nontornadic median
index values, the quartile values for the various indices
were examined. Of the indices used in this study, CIN
showed the largest separation between the quartiles of
one storm type versus the other. Figure 7 shows the
quartiles of CIN for both tornadic and nontornadic
storms. The shaded region marks the overlap between
the lowest quartile for tornadic CIN and the highest
quartile for nontornadic CIN. The majority of the tor-
nadic CIN values are larger than the highest quartile of
the nontornadic CIN for several hours preceding event
time. While elevated levels of CIN may indicate a tor-
nadic storm instead of a nontornadic one, if CIN levels
are too high, convection may be inhibited entirely.
Therefore, enhanced levels of CIN alone cannot be
used as a determining tornado predictor. However, it
may be possible to use near–real time observations of
CIN in conjunction with other indices to help deter-
mine if an environment may become tornadic.

5. Conclusions

Through active and passive observations of reflectiv-
ity and radiance, ground-based remote sensing instru-
ments are capable of retrieving thermodynamic and ki-
nematic profiles of the troposphere at a far finer tem-
poral resolution than is possible with traditional
rawinsonde launches. With these observations, bench-
mark statistics about storm environments are not lim-

FIG. 4. As in Fig. 2, but for 0–3-km SRH as measured by NPN.
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FIG. 5. As in Fig. 2, but for the energy–helicity index, measured from both AERI
thermodynamic profiles and NPN wind profiles.

FIG. 6. As in Fig. 2, but for BRN, measured with both AERI thermodynamic profiles and
NPN wind profiles.
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ited to one profile per storm, but can instead trace the
evolution of the near-storm environment. To quantify
the thermodynamic and kinematic environments, con-
vective indices are calculated from these remotely
sensed profiles.

In the southern Great Plains of the United States,
these observations show that in the range of 1–3 h be-
fore tornadogenesis, tornado-producing environments
have larger levels of convective inhibition and slightly
higher levels of instability than nontornadic supercell
environments. The environments that produced torna-
does also had higher energy–helicity index levels
throughout the entire storm development cycle than
those that produced nontornadic supercells. The most
significant discriminator between tornadic and nontor-
nadic storms was convective inhibition, which was sig-
nificantly higher for tornadic storms than nontornadic
ones.

Values of any convective index can vary greatly from
one observation time to the next due to frequent small
changes in winds and low-level moisture. Convective
indices calculated from an atmospheric profile are
therefore highly dependent on the time and place that
the profile was observed and therefore might not truly
be representative of the environment at large, a phe-
nomenon also noted by Brooks et al. (1994). While an

unstable environment can clearly be discerned from a
stable one, the behavior of instability is more difficult to
pinpoint from a single observation obtained from a syn-
optic rawinsonde launch. More frequent observations,
be they in the form of satellite soundings, ground-based
remote sensing units, or additional balloon launches,
are needed to properly capture the degree of instability
present in the environment.

No obvious tornadogenesis signature was found in
the time series of the traditional convective indices for
the storm events used in this study. While it is possible
that the spatial and temporal resolution of this remote
sensing network may not yet be fine enough to resolve
any signature fluctuations that may exist, the indices do
not encompass all of the necessary conditions for tor-
nadogenesis. Small-scale baroclinicity, microbursts, and
microphysics may all play a role in tornadogenesis
(Davies-Jones 2006). If that is the case, then the tradi-
tional convective indices, no matter how finely re-
solved, will be unable to perfectly characterize tornado-
producing environments.

In future years, as high temporal resolution profiles
from ground-based units and geostationary satellites
become more common, new indices will need to be
developed that take advantage of these observations by
incorporating differences between observations in both

FIG. 7. Plot of the three quartile values of CIN as derived from AERI-retrieved thermo-
dynamic profiles for both tornadic storms (solid lines) and nontornadic storms (dashed lines)
from 8 h before storm formation to 2 h after storm formation. The shaded region marks the
overlap between the highest quartile of nontornadic CIN and the lowest quartile of tornadic CIN.
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the temporal and spatial dimensions. While these new
indices will not be able to replace a seasoned forecaster,
they can still provide new insights and assistance to
operational forecasting that are currently unresolved
within the existing rawinsonde network.
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