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Abstract
On several significant tornado days, a distinct combination of near surface (< 1 km
AGL) speed and directional shear has been noted in pre-tornadic vertical wind
profiles. This combination consists of intense speed shear followed by intense directional
shear between the surface and 1 km AGL, which appears as a sickle-shape on a
hodograph. A composite sickle-shaped hodograph was constructed using several notable
tornado outbreak days. The composite hodograph was used to examine the historical
upper-air database for the 1995-2004 period in order to determine the relative frequency
of the sickle-shape. Furthermore, the occurrence of the sickle-shape was related to severe
weather documented within spatial and temporal proximity of the sounding site. Over the
10-year dataset, the sickle-shape was found to occur at most 4% of the time. It was also
found that the sickle-shape occurs less than 0.5% of the time in the presence of minimally
supportive kinematics and thermodynamics. On those days when the sickle-shape was
accompanied by minimally supportive kinematics and thermodynamics (0-6 km AGL
shear ! 20 m s-1 and CAPE ! 500 J kg-1), it was found that severe weather and tornadoes
were more likely to be observed in proximity to the sounding site. The results show that
the presence of the sickle-shaped hodograph and minimally supportive thermodynamics
and kinematics is related to an increased likelihood of tornadic and significantly tornadic
events.
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1. Introduction
Distinguishing between tornadic and non-tornadic supercell storms is one of the
greatest challenges in operational meteorology (e.g., Rasmussen and Wilhelmson 1983;
Johns et al. 1993; Brooks et al. 1994; Rasmussen and Blanchard 1998; and others). Over
the past 10 to 15 years, since the VORTEX field experiment, several new parameters
have been developed that seem to provide considerably more skill in differentiating
between supercell environments (i.e. the presence of significant instability (convective
available potential energy (CAPE)) and bulk deep-layer wind shear greater than ~20 m
s-1) and supercell environments that are capable of producing long-tracked and/or
strong/violent tornadoes (e.g., Rasmussen and Blanchard 1998; Markowski et al. 2002).
Those parameters include 0-1 km AGL bulk shear, 0-1 km AGL storm-relative helicity
(SRH), lifted condensation level (LCL) height, and level of free convection (LFC) height
(Rasmussen and Blanchard 1998; Kerr and Darkow 1996). In addition, there are several
other composite parameters that have been developed, most based on some combination
of low-level instability and shear, such as 0-1 km AGL energy-helicity index (EHI), 0-1
km AGL vorticity generation parameter (VGP), and the Storm Prediction Center’s
significant tornado parameter (STP) (Davies 1993; Rasmussen and Blanchard 1998).
Previous research (Thompson and Edwards 2000, Miller 2006, Esterheld and
Giuliano, 2008) has identified a specific hodograph shape in the near surface layer that
was present on several historically significant tornado outbreak days. This sickle-shaped
hodograph (named due to its resemblance of the farming tool) is defined by very strong
speed shear (generally greater than 10 m s-1 (20 kt)) concentrated in the layer below 500
1

m above ground level (AGL), and then increasing directional and speed shear (generally
greater than 30 degrees), extending from the layer at the top of the kink in the hodograph
trace to several kilometers AGL. In many of the cases that Miller (2006) examined, up to
75 percent of the bulk shear present in the 0-1 km layer was concentrated in the nearsurface layer below about 350-500 m AGL.
This research attempts to quantify two things: 1) the relative climatological frequency
of the sickle-shaped hodograph when conducting a 10-year search through the historical
upper-air database, and 2) the relative frequency of the association of the sickle-shaped
hodograph trace with severe weather and significant tornado occurrence, given the
presence of the other necessary ingredients for severe deep moist convection and
supercell thunderstorms. Furthermore, data from multiple dates for which a sickle-shape
was observed will be composited in an attempt to identify synoptic features and/or
processes that may lead to the kinematic features observed in the wind profile. Chapter 2
will discuss a review of the relevant literature. The data and methodology will be
presented in chapter 3. Results will be discussed in chapter 4 and a summary and
potential future work will be presented in chapter 5.
2. Review of the literature
Severe convective storms exhibit a maximum in climatological frequency during
spring and early summer. In the United States, a thunderstorm is considered “severe” if
any one or more of the following are observed, 1) hail greater than .75 inch (1 inch
effective January 2010) in diameter, 2) non-tornadic winds of 26 m s-1 (58 mph) or
greater, 3) a tornado. Since tornadoes are typically the most destructive events resulting
2

from severe convection, an increased understanding and ability to detect and forecast
tornadoes is a top priority for operational forecasters. Beginning in the late 1800s,
tornadoes and other weather phenomena were regularly recorded, allowing for the
development of a very basic tornado and severe weather climatological database and
creating the first opportunity for researchers to investigate weather patterns associated
with severe convective storms. As early as 1888, meteorologists began to study the
various patterns and parameters considered necessary for the formation of severe storms
and tornadoes (Schaefer 1986).
The three primary atmospheric ingredients necessary for the formation of deep moist
convection (DMC) are moisture, instability, and some source of lift. A fourth ingredient,
deep-layer wind shear, generally greater than 20 m s-1, is also typically required for
thunderstorms to become severe. In the presence of sufficient deep-layer wind shear and
significant instability, a special type of thunderstorm, the supercell, can develop
(Weisman and Klemp 1984). Research has shown that a vast majority of strong/violent
and/or long-tracked tornadoes are produced by parent thunderstorms that are supercells
(e.g., Browning 1964; Lemon and Doswell 1979, Klemp 1987).

a. Supercell thunderstorms
Supercells are relatively infrequent yet result in a disproportionately high number of
severe weather reports when they do occur (Moller et al. 1994). As defined by Weisman
and Klemp (1984), a supercell consists of a single, quasi-steady (>60 min), rotating
updraft, known as a mesocyclone. However, numerous anecdotal observations suggest
3

that sometimes supercell thunderstorms exhibit structure where the mesocyclone is
bifurcated between the updraft and downdraft interface. Operational observations also
suggest that supercell structures can produce significant severe weather, even when
existing for time periods considerably shorter than 60 minutes. The rotation of the updraft
is caused by the updraft interacting with the environmental vertical wind shear (VWS),
resulting in the tilting of existing horizontal vorticity into the vertical.
VWS can be described as the change of wind direction and speed with height. VWS
is vital because it creates the ambient horizontal vorticity tilted into the vertical by
storm’s updraft, which creates the mesocyclone. 0-6 km AGL VWS is typically evaluated
to determine the likelihood of supercell formation. Values of 0-6 km AGL shear for
supercells typically exceed 25 m s-1, although Rasmussen and Blanchard (1998) and
others have found that supercells also form in environments with lower magnitudes of
VWS (typically 20 m s-1 is the lower bound operationally, but 17.5 m s-1 in environments
of very high CAPE - > 3000 J kg-1). In addition to VWS, supercells also require
minimum quantities of buoyancy (i.e. CAPE). CAPE values for supercells typically
exceed 1500 J kg-1, (Weisman and Klemp 1986) but Rasmussen and Blanchard (1998)
found that supercells do occur with much lower values of CAPE.

b. Hodographs
A hodograph “represents the vertical distribution of the horizontal wind.” (Glickman
2000). They are constructed by using the wind barbs from a typical vertical wind profile
and translating them into vectors, showing both speed, by the length of the vector, and
4

direction at various heights. The vectors are then compressed to the origin on a polar
coordinate system. The wind vector endpoints are connected to show the shape and
length of the hodograph. The shape and length of this hodograph can help determine the
structure and evolution of a convective storm, i.e. the convective mode (single-cell,
multicell, or supercell storms). Hodographs can help determine the favored location of
new updraft development and the storm motion. Parameters such as VWS and helicity
can be easily visualized on a hodograph.

1)

VERTICAL WIND SHEAR

VWS has a known influence on the convective mode of a storm (Fig. 2.1). It has been
observed that cells can intensify from short-lived cells to supercells because of the
presence of VWS, but if the shear is too strong, it has been shown to weaken the storm
(Weisman and Klemp 1986). When the VWS is weak, typically short-lived, single cell
storms develop. Storm organization and longevity increase with increasing deep-layer
VWS. A multicell storm develops within an environment with a nearly straight
hodograph, representing unidirectional shear and veering winds with height. Supercells
develop within an environment where the shear vector turns clockwise with height in the
lowest levels and becomes a unidirectional towards the upper levels. Therefore, the winds
are veering throughout, with intense speed and directional shear in the lowest levels
transitioning into speed shear towards the upper levels (Weisman and Klemp 1986).

5

Fig. 2.1. Hodographs for a (a) single cell storm, (b) multicell storm, and (c)
supercell storm (From Weisman and Klemp 1986).
The clockwise turning in the low levels helps to promote the strong rotation present in
a supercell storm through the dynamic interaction between the VWS and the updraft
(Weisman and Klemp 1986). The relationship between storm structure and environmental
winds is significant, and this is shown through the wind shear vector (Fig. 2.2). On a
typical hodograph, the length of the hodograph trace is directly proportional to the
magnitude of the shear vector, and the shear vector is tangent to the hodograph curve at
different heights. Convection depends on the magnitude and direction of the wind shear
vector at these heights (Weisman and Klemp 1986).
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Fig. 2.2. Hodographs depicting the relationship between wind shear, wind direction,
and storm motion for (a,b) unidirectional shear and (c,d) curved shear profiles (From
Weisman and Klemp 1986).
Figures 2.2a and 2.2b illustrate straight hodographs with strong unidirectional,
and the winds veer and back with height, respectively. A typical straight hodograph
would result in splitting supercells that are mirror images of one another. In this case,
splitting supercells would result, but one supercell would dominate, left (right) for Fig
2.2a (Fig. 2.2b). In Fig. 2.2c the low-level winds veer with height, which favors a
cyclonically rotating, right-moving supercell and Fig. 2.2d experiences low-level
backing, which favors anti-cyclonically rotating left-moving supercell (Weisman and
Klemp 1986).
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2) MODEL HODOGRAPHS
Idealized model simulations can be used to gain a greater understanding of the
sensitivity of storm structure and evolution to different values and vertical distributions of
VWS. Weisman and Klemp (1986) performed a modeling study to better understand the
relationship between storm type and hodograph shape. The results of these simulations
are shown in Figs. 2.3 – 2.6. Case A (Fig. 2.3) represents a short-lived multicell with
weak shear. The hodograph demonstrates 180 clockwise turning with height within the
first 5 km AGL. Case B (Fig. 2.3) represents a supercell on the south end of a
multicellular line (Weisman and Klemp 1986). This hodograph also demonstrates 180
clockwise turning within the first 5 km AGL, but it has a larger shear magnitude than the
multicell.

Fig. 2.3. Hodograph and storm structure at 40, 80, and 120 minutes for cases A and B
described in text. Dashed lines represent updraft cell path with regions in which the
middle-level updraft exceeds 5 m s-1 are shaded (From Weisman and Klemp 1986).
8

The depth of the shear allows for strong vertical perturbation pressure gradient forces to
develop on the right flank which is favorable for a supercell to move to the right of the
main multicell (Weisman and Klemp 1986).
Case C (Fig 2.4) shows the same amount of shear as case B, but the shear forms a
straight line on the hodograph from 2.5 to 5 km AGL. This shear profile results in a
splitting supercell with a dominating right flank and with less curvature than case B, the
left flank becomes isolated from the right flank. If a straight-line hodograph resulted,
represented by the dashed line, the storms would still split into right and left flanks, but
they would be mirror images of each other. Case D (Fig. 2.5) has the same hodograph
shape as case C, but the shear extends out to 7.5 km AGL. This shows a dominant rightflank supercell with the formation of a significant hook echo.

Fig. 2.4. Case C, splitting supercell storms (From Weisman and Klemp 1986).
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Fig. 2.5. Case D, right-flank supercell (From Weisman and Klemp 1986).

Fig. 2.6. Cases E and F, multicellular squall lines. (From Weisman and Klemp 1986).

Cases E and F (Fig. 2.6) depict two different squall lines, where E is a weak squall
line and F is a squall line that develops into a bow echo. The hodograph for case E is
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similar to case B, but the shear stops at 2.5 km AGL, which means there is strong shear,
but it is confined to the low levels and is not deep enough to maintain a supercell storm.
For case F, the shape of the hodograph is the same as case E, but the shear magnitude
increased. Even though the shear is confined to the first 2.5 km AGL, the magnitude of
this shear is strong enough to increase the longevity of the squall line.

c. Tornado soundings: Proximity studies
Proximity soundings are used in order to sample near-storm environments and are
dictated by certain spatial and temporal scales. A considerable obstacle with attempting
to capture the environment of a storm is that the environment is not in a steady state.
Another problem is selecting suitable time and space scales in order to sample an
appropriate near-storm environment. Darkow (1969) defined a proximity sounding as one
that exhibits the following features:
1. The sounding release point is within 50 statute miles (80 km) of a tornado.
2. The tornado occurred within 105 minutes after the balloon release.
3. The sounding sampled the same air mass that gave birth to and sustained the
tornado-bearing thunderstorm
There are several assumptions with the above points and any definition of
proximity that results in considerable uncertainty. The first assumption involves the
spatial scale as it is assumed that this distance (i.e. 80 km) is close enough to the
sounding site that the sounding is able to encompass the actual storm environment.
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Brooks et al. (1994) noted that Darkow (1969) was subjective with both the temporal and
spatial scales, lacking any quantitative analysis of the variability within the scale not to
mention the absence of an objective basis for spatial and temporal limits. The third
criterion is also subjective although discarding non-representative and/or contaminated
data is essential. These issues complicate the idea of “proximity soundings,” but it has
been suggested that model data can offer a more objective view on “proximity” (Brooks
et al. 1994). The establishment of proximity soundings is subjective, but incorporating
spatial and temporal scales featured in previous literature should be taken into account
(e.g., Rasmussen and Blanchard 1998; Weisman et al. 1998; Craven et al. 2002;
Thompson et al. 2003).
A modeling study performed by Weisman et al. (1998) investigated near-storm
environments. They examined a number of wind shear profiles characterized by different
0-6 km AGL shear magnitudes: 25 m s-1, 35 m s-1, and 45 m s-1. Their results propose
that a thunderstorm’s impact on the surrounding environment increases with an increase
in VWS. Their findings showed that the VWS can double within 10 km of a supercellular
updraft and can still be significantly modified at least 30 km from the updraft region.
They concluded that proximity soundings should be taken at least 20-30 km from the
storm’s updraft in order to encompass an accurate, yet uncontaminated, near-storm
environment.
Additional proximity sounding studies kept the arguments presented by Brooks et
al. (1994) in mind, but subjectively set their own proximity criteria (e.g., Rasmussen and
Blanchard 1998; Craven et al. 2002; Thompson et al. 2003). Rasmussen and Blanchard
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(1998) utilized sounding sites within 400 km of a certain thunderstorm event and a time
frame of 6 hours prior to 3 hours after sounding time, along with soundings that
incorporated a certain boundary layer mean wind vector and maximum CAPE values.
Craven et al. (2002) defined proximity for their study as “being within 185 km of the
sounding release location and during the period from 2100 UTC to 0300 UTC.”
Thompson et al. (2003) utilized Rapid Update Cycle-2 (RUC-2) model analysis
soundings within 30 min and 40 km of each supercell event. They also incorporated the
nearest observed sounding, but only under the condition that was released within 3 hours
of the supercell formation.

3. Data and methodology

a. Sickle-shaped hodograph
Miller (2006) qualitatively noted a feature observed in the lowest levels (< 1 km
AGL) of hodographs for historical significant tornado days. These hodographs show a
kink a few hundred meters AGL, which gives the hodograph a sickle-shape. One of the
historical tornado outbreak cases occurred on 3 May 1999 across Oklahoma and southern
Kansas. Figure 3.1 shows the 00 UTC 4 May 1999 at Norman, OK sounding. When
analyzing the given hodograph, from the surface to 350 m AGL, there is a constant wind
direction (~ 5 range) and an increase in wind speed from 8.7 m s-1 at the surface to 21 m
s-1 at 350 m AGL. From 350 m to 1 km AGL, the wind speed remains constant (~21 m
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s-1), but the direction veers ~30 . This transition from predominantly speed shear to
directional shear below 1 km AGL is what gives the hodograph this sickle-shape.

Fig. 3.1. Observed sounding (left) and hodograph (right) from Norman, OK (OUN) at
00 UTC 4 May 1999. Critical heights and associated observed wind speed/direction on
the hodograph trace in meters AGL are annotated, along with observed storm motion.
Heights AGL corresponding to the annotated critical levels on the hodograph are in
orange at left on the skew-T/log-P diagram (From Miller 2006).
A second historical tornadic case occurred on 31 May 1985. Figure 3.2 shows the 00
UTC 1 June 1985 at Pittsburgh, PA sounding. The wind direction from the surface to 400
m AGL did not change greatly, but the wind speed increased from 7.7 m s-1 at the surface
to 16.4 m s-1 at 400 m AGL. Then from 400 m to 1 km AGL, the wind direction veers
~40 and the wind speed increased slightly (~5 m s-1). Just like hodograph shown in Fig.
3.1, this hodograph exhibits a sickle-shape, with a significant transition from speed shear
to directional shear at 400 m.
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Fig. 3.2. Same as Figure 3.1, but for Pittsburg, PA (PIT) at 00 UTC 1 June 1985. From
Miller 2006.

b. F eature-preserving composite hodograph: Data and computation
Eight hodographs qualitatively determined by Miller (2006) to possess this low-level
sickle-shape are listed in Table 3.1 and depicted in Fig. 3.3 These hodographs were
composited utilizing Brown’s (1992) feature-preserving technique. The data were
collected from the National Climatic Data Center’s (NCDC) Integrated Global
Radiosonde Archive (IGRA).
The feature-preserving technique was used in order to produce a hodograph that
would retain common characteristics while averaging out features not consistent to every
hodograph (Brown 1992). Brown (1992) proposed a method of preserving a constantslope feature evident at different layers in different soundings. This method is used when
a profile exhibits linear qualities that are contained by recorded heights, and the overall
slope of the linear feature is averaged. This study wanted to preserve the slope from the

15

surface to the height of the kink and the slope from the height of the kink to 1 km AGL in
order to preserve the sickle-shape.
Station I D and Number

Date

T ime of Sounding

T O P (72357)

3 May 2004

00 Z

M P X (72649)

17 June 1992

00 Z

O U N (72357)

27 April 1991

00 Z

O U N (72357)

4 May 1999

00 Z

O U N (72357)

9 May 2003

00 Z

O U N (72357)

30 May 2004

00 Z

T B W (72210)

25 December 2006

12 Z

WSE (71119)

1 August 1987

00 Z

Table 3.1. Summary of the eight dates and sounding locations in the dataset
used to create the composite hodograph.
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Fig. 3.3. Hodographs
used to create the
composite hodograph:
a.) WSE 00 UTC 1
August 1987,
a.)

b.) OUN 00 UTC 9 May
2003,

b.)

c.) OUN 00 UTC 9 May
2003,
d.) MPX 00 UTC 17 June
1992,
e.) OUN 00 UTC 27
April 1991,
c.)

f.) TOP 00 UTC 4 May
2004,

d.)

g.) TBW 12 UTC 25
December 2006 ,
h.) OUN 00 UTC 4 May
1999.

e.)

f.)

g.)

h.)
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The first step of the compositing process involved rotating the ground-relative
coordinate system in order to normalize the hodographs around a westerly storm motion
vector, which was calculated utilizing Bunkers method (Bunkers et al. 2000).

Composite Hodograph
18
16

V Component

14
12
10
8
6
4
2
0
0

2

4

6

8

10

12

14

U Component

Fig. 3.4. Composite hodograph.
The next step was to use the u and v components from the rotated hodographs and
their respective heights AGL to calculate the slopes of the linear features between the
surface and the kink, and then from kink to 1 km AGL for each of the hodographs. These
average slopes were calculated and a composite hodograph was constructed (Fig. 3.4).

c. Data processing
The composite hodograph was evaluated against the NCDC database between the
years 1995-2004 for thirty stations within “tornado alley,” which is an area between the
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Tennessee Valley and the Rocky Mountains and encompasses the highest frequency of
tornadoes. Once a sounding was read into the program, the winds were interpolated to
every 10 meters and the storm motion vector was computed using Bunkers method. The
hodograph was rotated such that the computed storm motion was from the west in order
to perform a comparison against the composite hodograph. A root mean square error
(RMSE) (Eq. 1) was calculated between the composite profile and the observed
hodograph.

RMSE

( f (x i ) y i ) 2
n

(1)

The RMSE assigned a numerical score to each hodograph corresponding to how well it
matched the composite hodograph; the lower the score, the better the observed hodograph
matched the composite. Based on observations from Miller (2006), the height of the kink
in the sickle-shaped hodograph was constrained to between 200 – 500 m AGL. To
identify environments minimally supportive of convection, surface-based CAPE
(SBCAPE) values and 0-6 km AGL shear were also considered. SBCAPE values greater
than or equal to 500 J kg-1 and 0-6 km AGL shear greater than or equal to 20 m s-1 were
required to incorporate the necessary kinematics and thermodynamics associated with
potentially tornadic environments. Rasmussen and Blanchard (1998) found that tornadic
supercells exhibited at least 519 J- kg-1 of CAPE and at least 13.6 m s-1 boundary layer-6
km AGL shear.
Using these criteria, data from each sounding site were examined in order to
identify the threshold value for the RMSE. Subjectively determined through visual
19

inspection, each hodograph in the “tornado alley” dataset was visually inspected to note
whether or not it exhibited the sickle-shape. The RMSE scores were computed for each
site and then averaged. The average, and thus the upper limit, for the RMSE score is 4.5
m s-1. Profiles with a RMSE < 4.5 m s-1 and a sickle-shape height between 200 – 500 m
AGL were considered to possess the sickle-shape profile. The data were then organized
according to the criteria shown in Table 3.2. Examples of hodographs that exhibit RMSE
scores below 4.5 m s-1, close to 4.5 m s-1, and well above 4.5 m s-1 are depicted in Fig.
3.5.

Table 3.2. Criteria used in this study. The height of the sickle-shape and the RMSE
encompass the importance of the near-surface wind shear artifact on the hodograph.
CAPE and deep-layer shear represent the larger scale thermodynamic and sheared
environment, respectively.
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A.)

B.)

C.)

Fig. 3.5. Examples of various RMSE. A.) Observed KSGF Hodograph, 00 UTC 27 May
2004, RMSE: 1.1903; B.) Observed KOAX Hodograph, 00 UTC 17 August 2002, RMSE:
4.33; C.) Observed KOAX Hodograph, 00 UTC 19 May 1997, RMSE: 16.57
Once this maximum acceptable value of RMSE was determined, radiosonde
observations from the remaining stations within the continental United States (CONUS;
Fig. 3.6) were evaluated. The soundings that met the criteria listed in Table 3.2 were
further analyzed to determine whether or not severe weather occurred on those days. A
majority of the sites consisted of 7000 soundings, thus the sites that did not consist of at
least fifty percent of available data were not included in this study. Severe Plot
(SVRPLOT; Hart 1993), which is a graphical database of severe thunderstorm and
tornado occurrences throughout the United States, was utilized for this task. In order to
consistently quantify the results, only severe reports that occurred within 300 km and
within 6 hours prior and 6 hours following the release of the sounding were included in
this study. For each sounding that exhibited the sickle-shape, the number and type of
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severe reports that were within the spatial and temporal constraints were tabulated. Data
were then organized by soundings release time so that the diurnal nature of convection
would not compromise the data.

Fig. 3.6. Map of the CONUS sounding sites used in this study.
Composite maps were generated for the high relative frequencies that were calculated
based on the criteria. For each site, composite maps of standard heights (300 hPa, 500
hPa, 700 hPa, 850 hPa, 925 hPa, and surface) were generated using the ten soundings
with the lowest RMSE for each site. The data were acquired from the North American
Regional Reanalysis (NARR) database (Mesinger et al. 2006). NARR is an atmospheric
and land surface hydrology dataset that uses the National Centers for Environmental
Prediction (NCEP) Eta model and the Eta Data Assimilation System, which has a 32 km
horizontal resolution and 45 levels in the vertical.
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4. Results and discussion

a. Relative frequencies
Once the data were organized according to the aforementioned parameters and the
severe weather and tornadic events were recorded, relative frequencies were computed
according to a number of factors. The first relative frequency was computed for the rate
of occurrence of the sickle-shaped hodograph throughout the 10-year dataset (Table 4.1,
Row A) for each sounding site. This tabulated the sounding release times that included
both the presence of a sickle-shape (200 m < z < 500 m) and a RMSE score of ≤ 4.5. This
indicates the presence of this sickle-shape without regard to the time of the sounding and
the kinematic/thermodynamic environment.

A

Height of Sickle-Shape & RMSE
Total Sounding Days

B

All Parameters
Total Sounding Days

C

All Parameters + Severe
All Parameters

D

All Tornadoes
All Parameters

E

Significant Tornadoes
All Parameters

Frequency of Sickle-Shaped Hodographs from 19952004
Frequency of Sickle-Shaped Hodographs in the
Presence of Minimally Sufficient
Thermodynamics/Kinematics from 1995-2004
Percentage of Days that Possessed the Sickle-Shaped
Hodograph and Minimally Sufficient
Thermodynamics/Kinematics that Resulted in
Documented Severe Weather from 1995-2004
Percentage of Days that Possessed the Sickle-Shaped
Hodograph and Minimally Sufficient
Thermodynamics/ Kinematics that Resulted in
Documented Tornadoes (F0-F5) from 1995-2004
Percentage of Days that Possessed the Sickle-Shaped
Hodograph and Minimally Sufficient
Thermodynamics/ Kinematics that Resulted in
Documented Significant Tornadoes (F2-F5) from
1995-2004

Table 4.1. Relative frequencies computed for each sounding site and the corresponding
map titles.
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Since the sickle-shaped hodograph has been observed to occur throughout the year
and in environments not conducive to convection, kinematics and thermodynamics were
considered in order to accurately represent potentially tornadic environments. The second
relative frequency involved the occurrence of the sickle-shaped hodograph in the
presence of minimally supportive kinematics and thermodynamics (All Parameters)
throughout the 10-year dataset (Table 4.1, Row B). This involved the number of times a
sickle-shape occurred in the presence of SBCAPE ≥ 500 J kg-1 and 0-6 km AGL wind
shear ≥ 20 m s-1. These thresholds were taken without regard to sounding release time,
thus this indicates the overall relative frequency of the sickle-shape in the presence of
minimally supportive kinematics and thermodynamics.
In order to identify the potential significance of the sickle-shape in the presence of
supportive kinematics and thermodynamics as an indicator of the potential for severe
weather, the relative frequency was computed utilizing all the parameters along with the
documented severe weather events for each site (Table 4.1, Row C). For each sounding
that was determined to possess the sickle-shape as well as the supportive kinematics and
thermodynamics, Storm Data were analyzed in order to determine whether any severe
reports had occurred in spatial and temporal proximity to the individual sounding. This
allowed the determination of the percentage of days that met the criteria and were
associated with reported severe weather. This was repeated for all tornadoes (Table 4.1,
Row D) and significant tornadoes (Table 4.1, Row E).
Each of these data sets discussed above were objectively analyzed and the quantities
from the dataset were contoured irrespective of sounding time as well as for each of the
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individual sounding launch times in an attempt to remove any diurnal effects. The
following sections address these results.

b. F requency of sickle-shaped hodographs from 1995-2004
1) OVERALL FREQUENCY
The overall frequency of the sickle-shaped hodographs throughout the CONUS is
shown in Fig. 4.1. Generally, the occurrence of the sickle-shape is a rare phenomenon
with a maximum relative frequency of approximately 4% (or 291 of 7202) in western
Montana.

Fig. 4.1. Map of the spatial distribution of the frequency of the sickleshaped hodograph throughout the 10-year dataset.
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Additionally, there is an area of higher frequency that extends from northern Louisiana
northwestward into central Oklahoma and then northward into Missouri and eastward
into the Tennessee Valley. Another region of higher relative frequency is located over the
eastern Great Lakes.
2) RELATIVE FREQUENCIES AT 12, 18, and 00 UTC

Fig. 4.2. Map of the spatial distribution of the frequency of the sickleshaped hodograph throughout the 10-year dataset (12 UTC).
The 12 UTC data (see Fig. 4.2) exhibits maxima of relative frequenices over the
Tennessee Valley, eastern Texas extending northward into western Missouri, western
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Montana, and the coast of Oregon. Given the early morning time frame, the higher
frequencies over western Montana and Oregon at are likely non-convective in nature.

Fig. 4.3. Map of the spatial distribution of the frequency of the sickle-shaped
hodograph throughout the 10-year dataset (18 UTC).

The 18 UTC data (Fig. 4.3) indicate a higher relative-frequency near the Gulf of Mexico
that extends northward into Oklahoma and western Missouri. The data valid at 00 UTC
(Fig. 4.4) closely resembles the overall map with maxima located over western Ohio
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extending into western New York, central Oklahoma extending northward to eastern
Kansas, western Montana, and the coast of Oregon.

Fig. 4.4. Map of the spatial distribution of the frequency of the sickleshaped hodograph throughout the 10-year dataset (00 UTC).
3) SYNOPTIC ANALYSIS
In areas where there were high relative frequencies of the sickle-shape, the data
comprising the sickle-shape cases were further analyzed through composite map analysis.
The regions where compositing was performed are shown in Fig. 4.5. These regions
include the areas surrounding the Tennessee Valley, western New York, central
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Oklahoma extending eastward to western Louisiana and extending northward to western
Missouri, western Montana, and the coast of Oregon. The sounding sites were separated
into two areas: the northern (eastern New York, western Oregon, and western Montana)
and the southern (western Louisiana, central Oklahoma, southern Missouri, and western
Tennessee) regions.

Fig. 4.5. Same as Fig. 4.1, but squares indicate areas included in
composite map analysis (1952 km in x and y directions).
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a.)

b.)

c.)

d.)

Fig. 4.6. Composite maps centered over KTFX in western Montana for (a.) 300
hPa, (b.) 500 hPa, and (c.) 700 hPa, displaying height (solid contour), temperature
(dashed contours), and winds (wind barbs). (d.) mean sea-level pressure (solid
contours) and winds (wind barbs).
The composite map centered over KTFX in western Montana was thought to be
representative of the general characteristics of the northern region (Fig 4.6). In general, at
300 hPa (Fig 4.6a), the northern region experiences northwesterly flow and at 500 hPa
(Fig. 4.6c), the region is located downstream of the ridge. At 700 hPa (Fig. 4.6c), the
region experienced westerly flow and neutral temperature advection. At the surface (Fig.
4.6d), winds are out of the southwest and a low-pressure system located towards the
northeast.
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On sickle-shape days in the Oregon and Montana areas, the sounding sites were
located downstream of the mid-level ridge, where you would expect synoptic scale
descent, and both sites experienced neutral temperature advection at 850 hPa. Western
New York appears to undergo relatively similar conditions as Oregon and Montana, with
its location downstream of the mid-level ridge, but it experiences weak warm air
advection. These dynamical processes oppose each other and thus likely inhibit
anticyclogenesis.
The composite map centered over KOUN in central Oklahoma was thought to be
representative of the general characteristics of the sounthern region (Fig 4.7). At 300 hPa
(Fig.4.7a), the southern region experienced westerly flow and at 500 hPa (Fig.4.7b), the
region was located downstream of the trough. The region experienced winds
approximately 13 - 15 m s-1 (25-30 kt) from the southwest at 850 hPa. (Fig.4.7c) The
southern region experiences warm air advection at 850 hPa, is located downstream of the
mid-level trough, and experiences veering winds from the surface (Fig.4.7d) to 700 hPa
(Fig. 4.7e). Also, a moderate low-level jet is apparent, with winds from the south at 13 –
15 m s-1 (25 – 30 kt). This shows that the frequency of the sickle-shaped hodograph in
this area is located within regions that exhibit many of the same elements found in severe
weather environments. In order to gain more insight into why there is a high frequency of
the sickle-shaped feature in these areas, individual days were examined.
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a.)

b.)

c.)

d.)

e.)
Fig. 4.7. Composite maps centered over KOUN in central Oklahoma for (a.) 300 hPa, (b.)
500 hPa, (c.) 700 hPa, and (d.) 850 hPa, displaying height (solid contour), temperature
(dashed contours), and winds (wind barbs). (e.) mean sea-level pressure (solid contours)
and winds (wind barbs).
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(i.) Further investigation of the high relative frequency in western Montana
In order to better comprehend the higher rate of occurrence of the sickle-shaped
hodograph over western Montana, observational data valid at 12 UTC 20 November 1998
were examined. The sounding analysis showed an inversion present from the surface to
700 hPa and low-level warm air advection (Fig. 4.8). The layer above 700 hPa is fairly
saturated, indicating cloud cover.

Fig. 4.8. Skew-T log P diagram for KTFX at 12 UTC 20 November 1998.
The hodograph (Fig. 4.9) depicts the distinctive sickle-shape within the low-levels
and becomes cluttered from approximately 700 hPa and above, with winds out of the
west throughout that portion of the profile. Other than the low-level warm air advection,
the synoptic structure is similar to the composite map analysis, thus this is likely the key
factor resulting in the sickle-shaped hodograph in this area.
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Fig. 4.9. Hodograph for KTFX at 12 UTC 20 November 1998.

(ii.) Further investigation of the high relative frequency in western Oregon
To better understand the environment that results in the occurrence of the sickleshaped hodograph over the coast of Oregon, observational data were examined for 12
UTC 14 January 1999. The sounding analysis (Fig. 4.10) depicts low-level warm
advection and a strong mid-level jet with winds out of the west at 26 – 28 m s-1 (50 – 55
kt). The hodograph exhibits the sickle-shape in the lowest levels (Fig. 4.11).
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Fig. 4.10. Skew-T log P diagram for KSLE at 12 UTC 14 January 1999.

This particular synoptic-scale environment varies from the composite analysis, with
zonal flow from the Pacific Ocean at 500 hPa and 300 hPa, thus strong synoptic-scale
vertical motion is not present. This case leads to the deduction that there are a variety of
conditions that result in the sickle-shape.
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Fig. 4.11. Hodograph for KSLE at 12 UTC 14 January 1999.

(iii.) Further investigation of the high relative frequency in western New York
The 12 UTC 25 January 2003 observational data were examined in order to better
understand the environments of sickle-shape days in western New York. The sounding
(Fig 4.12) shows low-level warm advection and winds out of the southwest at 8 m s-1 (15
kt) and temperature of −10°C at the surface. It depicts a fairly moist profile from the
surface to 700 hPa and begins to exhibit drying throughout the middle and upper levels.
The sickle-shape in the lowest levels is shown in the hodograph (Fig. 4.13). This shows
an environment in which snow could be produced, and snow did occur on this day.
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Fig. 4.12. Skew-T log P diagram for KBUF at 12 UTC 25 January 2003.

Similar to the composite analysis, the individual case shows that the area of interest
lies downstream of the upper-level ridge and in a region of low-level warm advection. It
is hypothesized that the proximity to the lake has an influence on the production of the
sickle-shaped hodograph by altering the low level winds.
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Fig. 4.13. Hodograph for KBUF at 12 UTC 25 January 2003.

c. F requency of sickle-shaped hodographs in the presence of minimally sufficient
thermodynamics/kinematics from 1995-2004.
1) OVERALL FREQUENCY
The overall frequency of sickle-shaped hodographs with the minimally supportive
thermodynamics and kinematics throughout the CONUS within the 10-year dataset is
shown in Fig. 4.14.

38

Fig. 4.14. Map of the spatial distribution of the frequency of the sickle-shaped
hodograph in the presence of minimally supportive thermodynamics/kinematics
throughout the 10-year dataset (See Table 4.1, Row B).
The sickle-shaped hodograph in the presence of minimally supportive kinematics and
thermodynamics is considerably more infrequent than the hodographs just containing the
sickle-shape itself, with a maximum relative frequency of approximately 0.48% (or 36 of
7497) in eastern Texas. Additionally, there are areas of higher relative frequencies over
the northwestern CONUS and the eastern Ohio Valley. The overall data for the sickleshaped hodographs with the thermodynamics and kinematics were divided into two
sounding release times (00, 12 UTC). Although there were several 06, 18, and 21 UTC
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soundings in the data set, the sample size was deemed to be too small to preclude further
analysis.
2) RELATIVE FREQUENCIES AT 12 and 00 UTC
The data valid at 12 UTC (Fig. 4.15) indicates higher relative frequencies near the
Gulf extending northward into central Oklahoma. Two additional areas of higher relative
frequencies are located over western Pennsylvania and western Oregon.

Fig. 4.15. Map of the spatial distribution of the frequency of the sickle-shaped
hodograph in the presence of minimally supportive thermodynamics/kinematics
throughout the 10-year dataset (12 UTC).
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The data valid at 00 UTC (Fig. 4.16) shows a northward extension of the higher relative
frequencies into the Midwest when compared to the data valid at 12 UTC, with a relative
maximum over western Louisiana extending westward into eastern Texas and then
northward into eastern Kansas. Another maximum is still apparent over western
Pennsylvania. A further investigation into these areas will be presented following the
synoptic analysis.

Fig. 4.16. Map of the spatial distribution of the frequency of the sickle-shaped
hodograph in the presence of minimally supportive thermodynamics/kinematics
throughout the 10-year dataset (00 UTC).
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3) SYNOPTIC ANALYSIS
In areas where there were high relative frequencies of the sickle-shape, along with
the minimally supportive thermodynamics and kinematics, the data was further analyzed
through composite map analysis. The regions where compositing was performed are
shown in Fig. 4.17. These regions cover western Louisiana extending into eastern Texas
and then northward to eastern Kansas, and western Pennsylvania.

Fig. 4.17. Same as Fig. 4.14, but squares indicate areas included in composite
map analysis (1952 km in x and y directions).
The southern sites (western Louisiana extending into eastern Texas and then
northward into eastern Kansas) all experience similar synoptic characteristics. The
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composite map centered over KFWD in eastern Texas was thought to be representative of
the general characteristics of the southern region (Fig 4.18). The 300 hPa (Fig. 4.18a) is
west/southwesterly at 30 - 35 m s-1 (60 - 70 kt). The 500 hPa (Fig. 4.18b) analysis places
the areas downstream of the trough with winds out of the west and southwest at 20.5 - 29
m s-1 (40 –55 kt). At 850 hPa (Fig. 4.18c), the southern region experienced warm air
advection.

a.)

b.)

c.)

d.)

Fig. 4.18. Composite maps centered over KFWD in eastern TX for (a.) 300 hPa,
(b.) 500 hPa, and (c.) 850 hPa, displaying height (solid contour), temperature
(dashed contours), and winds (wind barbs). (d.) mean sea-level pressure (solid
contours) and winds (wind barbs).
The winds are out of the south and southwest at 13–18 m s-1 (25 – 35 kt). Finally, at the
surface (Fig. 4.18d), the southern region is located within the warm sector with winds out
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of the south at 5 – 8 m s-1 (10 – 15 kt). Overall, the southern region exemplifies a typical
synoptic setup for severe thunderstorms and supercells. The western Louisiana site (Fig.
4.19) is slightly dissimilar, with it exhibiting a positively tilted trough at 700 and 850 hPa
(Fig. 4.19a) that the other two sites did not. The surface (Fig. 4.19b) cyclone is located
north/northwest of the site, and is positioned within the trough at 850 hPa. This indicates
that the surface cyclone will begin to weaken. This synoptic structure is not conducive to
convection.

a.)

b.)

Fig. 4.19. Composite maps centered over KSHV in Louisiana for (a.) 850 hPa,
displaying height (solid contour), temperature (dashed contours), and winds (wind
barbs). (b.) mean sea-level pressure (solid contours) and winds (wind barbs).
The western Pennsylvania maximum displays 300 hPa (Fig 4.20a) winds out of the
west at 26 m s-1 (50 kt) and 500 hPa (Fig. 4.20b) winds also out of the west at 18 m s-1
(35 kt). Diffluence occurs over the area at both of these levels. The site is located
downstream of a shortwave at 500 hPa. At 850 hPa (Fig. 4.20c), the area experiences
neutral temperature advection with winds out of the west-southwest at 13 m s-1 (25 kt).
Finally, at the surface (Fig. 4.20d), the winds are out of the southwest at 5 m s-1 (10 kt).
With the area downstream of the mid-level shortwave, mid to upper level diffluence and
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winds out of the southwest at the surface, this depicts a synoptic setup favorable for
severe thunderstorms.

a.)

b.)

c.)

d.)

Fig. 4.20. Composite maps centered over KPIT in western Pennsylvania for (a.)
300 hPa, (b.) 500 hPa, and (c.) 850 hPa, displaying height (solid contour),
temperature (dashed contours), and winds (wind barbs). (d.) mean sea-level
pressure (solid contours) and winds (wind barbs).

(i.) Further investigation of the high relative frequency in western
Pennsylvania
Observational data were examined for 00 UTC 21 September 2000 for the western
Pennsylvania area. The observed hodograph depicts the sickle-shape (Fig. 4.21), and the
sounding (Fig. 4.22) shows weak low-level warm advection, and is also dry in the lowest
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levels with a subsidence inversion in place. The surface temperature and dew-point
temperature are 75°F and 66°F, respectively.

Fig. 4.21. Hodograph for KPIT at 00 UTC 21 September 2000.

The profile becomes moist between 850 and 700 hPa. This sounding depicts an
environment favorable for thunderstorm and supercell formation. The synoptic structure
overall differs from the composite analysis, with the area downstream of the upper-level
trough and weak warm air advection. Also, a low-level jet is apparent, with winds at 850
hPa from the southwest at 18 m s-1 (35 kt). In this case, severe weather did occur with
three (one F1 and two F2) tornadoes that touched down within the spatial and temporal
proximity criteria for this study (namely 300 km and 6 hours prior and 6 hours after
sounding release). This case leads to the deduction that there are a variety of conditions
that result in the sickle-shape for this region.
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Fig. 4.22. Skew-T log P diagram for KPIT at 00 UTC 21 September 2000.

d. Percentage of days that possessed the sickle-shaped hodograph and minimally
sufficient thermodynamics/kinematics that resulted in documented severe weather
from 1995-2004
1) OVERALL FREQUENCY
The percentage of environments with sickle-shaped hodographs and minimally
supportive kinematics and thermodynamics that were associated with verified severe
weather is shown in Fig. 4.23.
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Fig. 4.23. Map of the percentage of soundings that experienced the sickle-shaped
hodograph and minimally supportive thermodynamics/kinematics associated with
severe weather. (See Table 4.1, Row C).
Generally, higher relative frequencies occur east of the Rocky Mountains, with 100%
in eastern Colorado, Minnesota, eastern South Dakota, western North Carolina, and
northeastern Florida. This means that 100% of the days for which the sounding indicated
a sickle-shape and the environment had the minimally supportive kinematics and
thermodynamics were associated with reported severe weather of some type.
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2) SYNOPTIC ANAYLSIS

Fig. 4.24. Same as Fig. 4.23, but squares indicate areas included in composite map
analysis (1952 km in x and y directions).
In areas where there were high relative frequencies of the sickle-shape,
thermodynamics, and kinematics associated with severe weather reports the data were
further analyzed through composite map analysis. The regions where compositing was
performed are shown in Fig. 4.24. These regions include the areas extending from
northern Minnesota into eastern South Dakota, eastern Colorado, northern Michigan,
Missouri, and North Carolina southward to Florida.
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a.)

b.)

c.)

d.)

Fig. 4.25. Composite maps centered over KABR in eastern South Dakota for (a.)
300 hPa, (b.) 500 hPa, and (c.) 850 hPa displaying height (solid contour),
temperature (dashed contours), and winds (wind barbs). (d.) mean sea-level
pressure (solid contours) and winds (wind barbs).
The sounding sites within the region extending from northern Minnesota into eastern
South Dakota demonstrate similar synoptic patterns. The composite map centered over
KABR in eastern South Dakota was thought to be representative of the general
characteristics of this region (Fig 4.25). At 300 hPa (Fig. 4.25a), the region experiences
diffluence and winds out of the west and southwest from 25 – 31 m s-1 (50 – 60 kt). At
500 hPa (Fig. 4.25b), the area is located downstream of the trough and experience winds
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out of the southwest between 23 – 28 m s-1 (45 - 55 kt). An area of diffluence is located at
500 hPa over central Minnesota and eastern South Dakota. At 850 hPa (Fig. 4.25c), the
region experiences warm air advection with winds out of the south between 13 – 18 m s-1
(25 – 35 kt). Finally, at the surface (Fig. 4.25d), the winds are out of the south at 5 – 8 m
s-1 (10 – 15 kt). The site located in northern Michigan indicates a similar synoptic pattern,
except it depicts an intense low-level jet at 850 hPa, with winds from the southwest at 26
m s-1 (50 kt). These areas all demonstrate a synoptic environment conducive to severe
thunderstorm and supercellular development.
A second region includes the area from Missouri to North Carolina. The composite
map centered over KGSO in North Carolina was thought to be representative of the
general characteristics of this region (Fig 4.26). At 300 hPa (Fig. 4.26a), winds are out of
the west and southwest at 28 – 36 m s-1 (55 – 70 kt). At 500 hPa (Fig. 4.26b), the region
is located downstream of the trough with winds out of the southwest at 26 m s-1 (50 kt).
At 850 hPa (Fig. 4.26c), the area experiences warm air advection and winds out of the
south and southwest between 10 – 18 m s-1 (20 – 35 kt). At the surface (Fig. 4.26d), the
region displays southerly flow at 5 – 8 m s-1 (10 – 15 kt). For both areas, the surface
cyclone is positioned downstream of the upper-level trough and within warm air
advection, all of which are synoptically conducive to severe thunderstorms and
supercells.
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a.)

b.)

c.)

d.)

Fig. 4.26. Composite maps centered over KGSO in North Carolina for (a.) 300
hPa, (b.) 500 hPa, and (c.) 850 hPa, displaying height (solid contour), temperature
(dashed contours), and winds (wind barbs). (d.) mean sea-level pressure (solid
contours) and winds (wind barbs).
The eastern Colorado area (Fig. 4.27) demonstrates a favorable synoptic setup for
severe thunderstorms. At 300 hPa (Fig. 4.27a), the winds are out of the southwest at 31 m
s-1 (60 kt) with diffluence over the area. At 500 hPa (Fig. 4.27b), the region is
downstream of the trough, which is negatively tilted, and winds are out of the southwest
at 18 – 21 m s-1 (35 - 40 kt). At 850 hPa (Fig. 4.27c), warm air advection is located over
the region with south-southeasterly flow at 18 m s-1 (35 kt). Finally, at the surface (Fig.
4.27d) the winds are out of the south at 10 m s-1 (20 kt). The high relative frequency over
eastern Colorado is likely due to the orography of the area. Upslope flow occurs with the
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winds out of the south-southeast within the boundary layer and is the source of lift for
convection in this area.

a.)

b.)

c.)

d.)

Fig. 4.27. Composite maps centered over KDNR in eastern Colorado for (a.) 300
hPa, (b.) 500 hPa, and (c.) 850 hPa, displaying height (solid contour), temperature
(dashed contours), and winds (wind barbs). (d.) mean sea-level pressure (solid
contours) and winds (wind barbs).
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e. Percentage of days that possessed the sickle-shaped hodograph and minimally
sufficient thermodynamics/kinematics that resulted in documented tornadoes (F0F5) from 1995-2004
1) OVERALL FREQUENCY

Fig. 4.28. Map of the percentage of soundings that experienced the sickle-shaped
hodograph and minimally supportive thermodynamics/kinematics associated with
tornadoes (F0-F5) (See Table 4.1, Row D).
The percentage of environments that exhibited the sickle-shaped hodographs and the
minimally supportive thermodynamics and kinematics that resulted in tornadoes (F0-F5)
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is shown in Fig. 4.28. Generally, the regions with the highest percentages are located over
central Minnesota, extending from southern Missouri eastward to North Carolina, and the
states bordering the Gulf of Mexico with frequencies greater than 75%. This means that
75% of the days for which the sounding indicated a sickle-shape and the environment had
the minimally supportive kinematics and thermodynamics were associated with reported
tornadoes (F0-F5). Additionally, high frequencies are located over northern Florida and
western Texas with frequencies of at least 65%.

f. Percentage of environments that possessed the sickle-shaped hodograph and
minimally sufficient thermodynamics/kinematics that resulted in documented

significant tornadoes (F2-F5) from 1995-2004
1) OVERALL FREQUENCY
The overall frequency of sickle-shaped hodographs and the minimally supportive
thermodynamics and kinematics that resulted in significant tornadoes (F2-F5) is shown in
Fig. 4.29. The regions with the maximum percentages are located over central Minnesota
and eastern Nebraska, with a 70% frequency. This means that 70% of the days for which
the sounding indicated a sickle-shape and the environment had the minimally supportive
kinematics and thermodynamics were associated with at least one significant tornado. An
additional maximum extends from southern Missouri eastward into the Tennessee Valley
and then continues southwestward into central Georgia.
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Fig. 4.29. Map of the percentage of soundings that experienced the sickle-shaped
hodograph and minimally supportive thermodynamics/kinematics that resulted in
documented significant tornadoes (F2-F5) (See Table 4.1, Row D).

g. Overall storm and tornado reports from 1995-2004
To place the aforementioned percentages into perspective, data were compiled for all
severe weather during the ten-year period used in this study. Figure 4.30 illustrates the
rarity of tornado events when compared to hail and wind events.
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Storm Reports (19952004)
5.51%

Tornadoes
47.60%

Hail
46.89%

Wind

Fig. 4.30. Pie chart illustrating the percentage of storm reports that were hail, wind
and tornado.
Only 5.5% of all storm reports, during this ten-year period, were tornadoes. Although
tornadoes are relatively infrequent, the combination of the sickle-shaped hodograph and
minimally supportive thermodynamics and kinematics indicate an increased likelihood of
tornado occurrence relative to climatology.
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Tornado Reports (19952004)

F0

24.94%

F1
2.14%

10.07%
7.36%
64.99%

F2
0.53%
0.04%

F3
F4
F5

Fig. 4.31. Pie chart illustrating tornado reports and the percentage of all tornadoes
(large pie chart, left) and significant tornadoes (small pie chart, right).
Figure 4.31 illustrates the percentage of tornado reports categorized by Fujita Scale.
Only 10% of tornado reports are for significant tornadoes (F2 - F5). Looking back on Fig
4.29, the higher frequencies reveal that in some areas, 50 – 70% of sickle-shaped
hodographs accompanied by minimal thermodynamics and kinematics resulted in
significant tornadoes. This distribution reinforces the notion that although sickle-shaped
hodographs and significant tornadoes are infrequent, the presence of the hodograph
within environments prone to supercells will present an increased likelihood of
significant tornadoes.
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5. Summary and future wor k

a. Summary
Hodographs are routinely used during operational forecasting, especially when
anticipating severe weather and tornadoes. They simplify the visualization of the
environmental VWS and allow forecasters to anticipate convective mode and storm
motion. Hodographs are typically used in conjunction with thermodynamic diagrams to
give forecasters an accurate representation of the environment in proximity to the
sounding site. Miller (2006) found a specific hodograph shape in the near surface levels
to be present on several historical significant tornado outbreak days. The presence of a
sickle-shape in the hodograph indicates intense speed shear concentrated in the layer
below 500 m and then directional shear extending from the preceding layer to 1 km AGL.
This research investigated whether or not this sickle-shaped hodograph, given the
necessary thermodynamics and kinematics, is indicative of an increased likelihood of
tornado occurrence. A composite hodograph was created utilizing Brown’s (1992)
feature-preserving technique and incorporating the constant-slope feature in order to
preserve the low-level sickle-shape. This was then evaluated against the NCDC IGRA
database between the years 1995-2004. Criteria were established in order to incorporate
the sickle-shape and the minimal thermodynamics and kinematics supportive for
supercells. The soundings that met the criteria were further analyzed to determine the
occurrence of severe weather and tornadoes.
Various relative frequencies were computed for each sounding site. Overall, the
sickle-shape hodograph occurred in less than 4% of all soundings. The results showed
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that higher relative frequencies of the sickle-shaped hodograph exist over western
Oregon, western Montana, western New York, and the Tennessee Valley westward to
western Missouri and then southward to eastern Texas and western Louisiana. The high
frequency over Montana is believed to occur because of the presence of warm air
advection, but the notion of the ageostrophic adjustment to the wind could also be a
factor. The sounding from the KTFX site showed a nearly moist adiabatic temperature
profile and a deep layer of veering winds located above the kink in the hodograph. It is
hypothesized that the sickle-shape present in the hodograph is caused by the ageostrophic
adjustment as a result of the latent-heat release in the layer. Further examination is
necessary in order to draw conclusions. There was a wide array of synoptic conditions
present on days that resulted in the sickle-shape over Oregon. The high frequency over
western New York is likely locally influenced by the presence of the lake to the west.
The higher frequencies in the southern states are likely due to the presence of synoptic
conditions conducive for severe weather.
When thermodynamics and kinematics are included, the overall frequency
distribution is quite different. The maximum frequency amounts to 0.48%, which is
somewhat a low frequency, but creates the possibility for high impact events. The highest
frequency lies over eastern Texas and extends northward to eastern Kansas. This
frequency can be explained by a typical synoptic setup conducive for thunderstorm
development. Another area of high relative frequency is present over western
Pennsylvania, and the composite analysis and case study concluded that this is another
location that exhibits a variety of conditions that result in the sickle-shape.
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When examining the percentage of environments that possessed the sickle-shaped
hodograph and the minimal thermodynamics and kinematics that were associated with
tornadoes (F0-F5), maximum values exceeded 50% in many areas. This is significant
when considering that actual tornadoes only constituted 5.5% of all storm reports in the
10-year dataset. When examining only significant tornadoes (F2-F5), values exceeded
30% over a large area. Given that significant tornadoes comprise only 10% of all
tornadoes, this demonstrates that the presence of a sickle-shape in the hodograph
indicates an enhanced likelihood of both tornadoes and significant tornadoes when
minimal thermodynamics and kinematics are present.

b. Future work
Future work includes the plan to incorporate a longer dataset than the ten years
utilized in this study. This would allow for a more robust statistical analysis.
Additionally, a desire exists to expand the range of heights considered for the sickleshape (100 – 700 m) and to consider other limiting parameters such as convective
inhibition and SRH to improve the quality of the project. Finally, a further, more
rigorous, investigation into the cause of the sickle-shape on the hodograph is desired.
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