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ABSTRACT

Early enhanced-V studies used 8-km ground-sampled distance and 30-min temporal-sampling Geosta-
tionary Operational Environmental Satellite (GOES) infrared (IR) imagery. In contrast, the ground-
sampled distance of current satellite imagery is 1 km for low earth orbit (LEO) satellite IR imagery. This
improved spatial resolution is used to detect and investigate quantitative parameters of the enhanced-V
feature. One of the goals of this study is to use the 1-km-resolution LEO data to help understand the impact
of higher-resolution GOES data (GOES-R) when it becomes available. A second goal is to use the LEO
data available now to provide better severe storm information than GOES when it is available. This study
investigates the enhanced-V feature observed with 1-km-resolution satellite imagery as an aid for severe
weather warning forecasters by comparing with McCann’s enhanced-V study. Therefore, verification sta-
tistics such as the probability of detection, false alarm ratio, and critical success index were calculated.
Additionally, the importance of upper-level winds to severe weather occurrence will be compared with that
of the quantitative parameters of the enhanced-V feature. The main goal is to provide a basis for the
development of an automated detection algorithm for enhanced-V features from the results in this study.
Another goal is to examine daytime versus nighttime satellite overpass distributions with the enhanced-V
feature.

1. Introduction and background

Many studies have observed and analyzed the en-
hanced-V feature (McCann 1983; Negri 1982; Heyms-
field et al. 1983a,b; Heymsfield and Blackmer 1988;
Adler et al. 1985). Enhanced longwave infrared (IR)
satellite imagery of deep convection sometimes display
this cloud-top V-shaped feature, in which an equivalent
blackbody temperature (BT) region of a storm is en-
closed by a V-shaped region of colder BT (see Fig. 1a;
Negri 1982; McCann 1983; Heymsfield et al. 1983a,b;
Fujita 1982). The enhanced-V develops when a strong
updraft penetrates into the lower stratosphere and re-
sults in an overshooting thunderstorm top. This over-
shooting top acts to block strong upper-level winds and
forces the flow to divert around it (Fujita 1978; Wang
2007). As the flow is diverted around the overshooting

top, the main hypothesis is that the flow erodes the
updraft summit and carries cloud debris downwind
(McCann 1983). The carrying of cloud debris down-
wind is reflected in the colder BTs of the enhanced-V
feature (McCann 1983). The coldest BT, which is near
the apex of the enhanced V, is associated with adiabatic
expansion due to the ascent of air parcels in the thun-
derstorm updraft region overshooting the tropopause
(Heymsfield and Blackmer 1988; Adler and Mack
1986). Several hypotheses have been proposed to ex-
plain the warm region of BTs enclosed by the V feature.
One hypothesis argues that the region is a result of
subsidence of negatively buoyant overshooting cloud
air downstream of an ascending cloud top (Heymsfield
and Blackmer 1988; Adler and Mack 1986; Heymsfield
et al. 1983a; Negri 1982; Schlesinger 1984). A second
hypothesis has been proposed that explains the warm
region on the basis of the radiative properties of the
cloud particles. Based on radiative transfer simulations
and assuming that the ice water content varied spatially
across the anvil, Heymsfield et al. (1983b) found that
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the interior warm region had lower ice water content
compared to the V’s arms. This situation implies a
smaller optical depth in the warm region and warmer
BTs characteristic of lower altitudes. Another hypoth-
esis argues that stratospheric cirrus (Fujita 1982) gen-
erated in the wake of overshooting tops is sinking into
the anvil. Located above an anvil top and at a warmer
environmental temperature, the stratospheric cirrus ap-

pears warmer in the BTs sensed by the IR satellite
channel (Wang et al. 2002; Setvak et al. 2007). A fourth
hypothesis describes gravity waves and lee waves pro-
duced by the storms as the cause of the warm region
downwind of the coldest BT (Stobie 1975; Heymsfield
et al. 1991; Wang 2007).

Two distinct types of warm regions have been iden-
tified: close-in warm areas (CWAs) and distant warm

FIG. 1. A deep convective storm with an enhanced-V over southwestern TX from the LEO
NOAA AVHRR 1-km spatial resolution 10.8-�m IR channel image at 2102 UTC 9 May 2003:
(a) color-enhanced image and (b) black and white image.
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areas (DWAs) farther downwind (Heymsfield et al.
1983a). The CWA and the coldest point of the en-
hanced-V form a cold-warm couplet (McCann 1983;
Heymsfield et al. 1983a,b; Negri 1982; Fujita 1982). A
DWA is more transient than the CWA and usually has
no distinct maxima of BT (Heymsfield et al. 1983a).
Five Severe Environmental Storms and Mesoscale Ex-
periment (SESAME) cases were performed during
1979 for a Geostationary Operational Environmental
Satellite (GOES) quantitative study of the enhanced V
(Heymsfield and Blackmer 1988). It was found that the
cold-warm couplet ranged from 7° to 17°C. The dis-
tance from the cold point to the CWA was 21–44 km
and the distance from the cold point to the DWA was
40–120 km. Compared to the CWA, the DWA occurred
less frequently and consisted of a larger transient area
when present.

The presence of enhanced-V features signifies strong
tropospheric shear and intense updrafts, both of which
are also essential for severe thunderstorms (Heymsfield
and Blackmer 1988). The presence of enhanced Vs is
associated with severe weather (McCann 1983; Negri
1982; Heymsfield et al. 1983a,b; Adler et al. 1985;
Heymsfield and Blackmer 1988). McCann (1983) ex-
plored the association of enhanced Vs to severe
weather reports, suggesting a possible application for
severe weather warnings. He found a 30-min median
lead time from the time the enhanced V appeared in
enhanced IR imagery to the time of the first report of
severe weather. In addition, he found that most of the
enhanced Vs studied were associated with severe
weather (i.e., low false alarm ratio, FAR). However, a
large number of severe storms did not have an en-
hanced V (low probability of detection, POD).

Most of these early studies of enhanced-V features
and their relation to severe weather have used GOES
IR imagery with 8-km ground-sampled distance and a
sampling interval of 30 min. The current GOES IR
imagery has a ground-sampled distance of approxi-
mately 4 km and improved temporal sampling over the
continental United States region (Menzel and Purdom
1994). Low earth orbit (LEO) satellite IR imagery has
a ground-sampled distance of 1 km but with limited
temporal sampling. A few studies have utilized LEO
satellite IR imagery to investigate enhanced-V features
(Adler et al. 1983). Primarily because of the coarse
resolution, GOES IR imagery overestimates the cold
area BTs by about �15 K for mature thunderstorms
and �30 to �40 K for small growing storms compared
to LEO satellite IR imagery (Adler et al. 1983). The
magnitude of the cold–warm couplet increases dramati-
cally with LEO satellite imagery, making it easier to
detect. Therefore, it is expected that the number of

detectable enhanced Vs will be greater with finer-
resolution imagery such as from the current LEO sat-
ellite. To date, there has not been a detailed LEO
dataset of enhanced-V cases developed.

One of the goals of this study is to use the 1-km
ground-sampled distance LEO data to help understand
the impact of higher-resolution GOES data (GOES-R)
when it becomes available. A second goal is to use the
LEO data available now to provide better severe storm
information than GOES when it is available. This study
investigates the enhanced-V feature observed with
1-km-resolution satellite imagery as an aid for severe
weather warning forecasters by comparing with Mc-
Cann’s enhanced-V study (McCann 1983). Therefore,
verification statistics such as the POD, FAR, and criti-
cal success index (CSI) were calculated. Additionally,
the importance of upper-level winds to severe weather
occurrence will be compared to that of the quantitative
parameters of the enhanced-V feature. The main goal is
to provide a basis for the development of an automated
detection algorithm for enhanced-V features from the
results in this study. Another goal is to examine day-
time versus nighttime satellite overpass distributions
with the enhanced-V feature.

Section 2 discusses the data used in this study, while
section 3 describes the enhanced-V quantitative param-
eters and investigates the accuracy of the parameters
through an error analysis. Section 4 provides a com-
parison of the verification statistics with the McCann
(1983) enhanced-V study. Section 5 compares the im-
portance of upper-level winds and the quantitative pa-
rameters of the enhanced-V feature to severe weather
occurrence. Also, a basis for the development of an
automated detection algorithm for enhanced-V fea-
tures is provided in section 5. In addition, section 5
discusses geographic and daytime versus nighttime sat-
ellite overpass distributions of enhanced-V features.
Conclusions are discussed in section 6.

2. Data

Two LEO satellite datasets that included the 10.7-,
10.8-, and 11-�m IR channels were obtained over the
continental United States for the enhanced-V study.
These satellite datasets provide a 1-km ground-sampled
distance and consisted of the following elements.

• Overpasses from the LEO National Oceanic and At-
mospheric Administration (NOAA) Advanced Very
High Resolution Radiometer (AVHRR) and Na-
tional Aeronautics and Space Administration
(NASA) Earth Observing System’s (EOS) Moderate
Resolution Imaging Spectroradiometer (MODIS) on
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board the Aqua and Terra satellites were obtained
from 4 May 2003 to 5 July 2003. There were 209
enhanced-V cases collected in the 2003 season.

• Overpasses from the LEO NOAA AVHRR and
NASA EOS MODIS Aqua and Terra satellites were
obtained from 1 May 2004 to 1 July 2004. There were
241 enhanced-V cases collected in the 2004 season.

The 10.8- and 11-�m IR calibration accuracy is
within 1K for all AVHRR data (Gunshor et al. 2004)
and within 0.3 K for MODIS (Tobin et al. 2006) satel-
lites used in this study. The accuracy of the temperature
measurements is not expected to affect significantly the
evaluation of the parameters associated with en-
hanced-V features.

In addition, GOES water vapor–derived winds
(WVDW) were used to estimate upper-tropospheric
winds near 300 mb with a temporal sampling of 30 min
(Rabin et al. 2004). However, use of the WVDW does
not facilitate the calculation of the vertical shear. Ar-
chived rawinsonde observations (raobs) were used if
the GOES WVDW data were not available at or near
the time of the enhanced-V cases. Obviously, the tem-
poral and spatial resolutions are much better with
GOES WVDW than with raobs.

The Man Computer Interactive Data Access System
(McIDAS) was used to display and analyze the satellite
imagery (Lazzara et al. 1999).

Severe weather reports during the time periods of the
enhanced-V seasons were examined. The severe re-
ports from both seasons were obtained from the Na-
tional Climatic Data Center (NCDC) publication Storm
Data (SDP).

3. Classification of the enhanced-V in satellite
observations

Enhanced-V features are associated with deep con-
vection, which usually lasts on the order of a few hours.
Therefore, since each LEO satellite has only one as-
cending and one descending overpass per day at any
given location on Earth, the temporal nature of en-
hanced-V features is difficult to determine from LEO
satellite imagery.

To facilitate the detection of the enhanced V (cf.
Figs. 1a and 1b), the IR imagery is color enhanced
based from the two-ramp dogleg scheme (historical MB
enhancement curve) for converting scene temperatures
into an unsigned eight-bit integer (count) in the range
0–255 (Clark 1983; Brunner 2004).

a. Enhanced-V parameters

The enhanced V can be described by the following
seven parameters.

1) TMIN represents the minimum cloud-top equiva-
lent blackbody temperature (BT) observed from the
satellite. TMIN is usually near the apex of the en-
hanced V and is associated with adiabatic expansion
owing to air parcels in the thunderstorm updraft re-
gion overshooting the tropopause (Heymsfield and
Blackmer 1988; Adler and Mack 1986). The latitude
and longitude of TMIN were recorded and used as
the reference position of each enhanced V.

2) TMAX is the maximum cloud-top BT detected
within an embedded warm area downwind of
TMIN. Refer to Fig. 2a for an example of TMIN and
TMAX. For this enhanced-V case, TMIN and
TMAX were observed to have values of 192 K
(�81°C) and 212 K (�61°C), respectively.

3) TDIFF is the difference in cloud-top BTs between
TMIN and TMAX, which forms a cold–warm cou-
plet (McCann 1983; Heymsfield et al. 1983a,b; Negri
1982; Fujita 1982).

4) DIST represents the distance between TMIN and
TMAX. Refer to Fig. 2b for an example of TDIFF
and DIST. For this case, TDIFF and DIST were
observed to have values of 20 K and 7 km, respec-
tively.

5) DISTARMS shows the distance of the V arms. The
V arms extend outward in a V-like pattern from an
apex point. Usually, the apex point is denoted as
TMIN, and the farther away from the apex of the V,
the warmer the cloud-top BTs. The apex of the V
does not always correspond to TMIN, but is the
coldest cloud-top BT along the V arms. DISTARMS
was calculated for each enhanced V by averaging
the two V-arm distances together. The distance of
each V arm was calculated by using the McIDAS
software to measure the distance between the apex
point and the point on the V arm where a noticeable
increase in the cloud-top BT occurred. This notice-
able increase varied for each enhanced V, but was
roughly a 10% change between the temperature at
the apex point and the temperature at the end of the
V arm.

6) ANGLEARMS shows the angle between the two
V arms. Refer to Fig. 2c for an example of
DISTARMS and ANGLEARMS. DISTARMS and
ANGLEARMS were observed to have values of
22.5 km and 72°, respectively.

7) ORIENTATION is the orientation of the enhanced
V. For simplicity, the ORIENTATION parameter is
categorized by four 90° quadrants—southwest,
northwest, northeast, and southeast. The quad-
rant(s) that each enhanced V was assigned to is de-
termined by two criteria. First, the quadrant that
contains the highest number of degrees of the en-
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hanced V is counted. Second, each quadrant that
contains 45° or more is counted. However, a quad-
rant was not counted more than once for each en-
hanced V. Refer to Fig. 2d for an example of the
quantitative parameter ORIENTATION. For this
enhanced-V case, the enhanced-V orientation was
determined to be the northeast quadrant because
there were 49° of angle present in the northeast
quadrant, while only 23° of angle were present in the
southeast quadrant.

For the southwestern Texas enhanced-V case dis-
cussed earlier, the upper-level wind speed was esti-

mated at 65 kt (33 m s�1) and the upper-level wind
direction was toward the northeast.

The enhanced-V parameters TMIN, TMAX, and
TDIFF were compared at different ground-sampled
distances from LEO satellite imagery for an en-
hanced-V case to see if varying the ground-sampled
distance has an effect on these parameters. The en-
hanced-V feature was observed at 1-, 2-, 4-, and 8-km
ground-sampled distances from LEO satellite imagery
and is shown in Fig. 3. The TMIN enhanced-V param-
eter got warmer as the ground-sampled distance got
coarser (i.e., 4 and 8 km; Table 1). In fact, TMIN was
observed to be 11 K warmer for the LEO 8-km ground-

TABLE 1. The BT values for the enhanced-V parameters TMIN, TMAX, and TDIFF for an enhanced-V feature observed from
LEO satellite imagery at 1-, 2-, 4-, and 8-km ground-sampled distances over northeast OK at 2218 UTC 6 May 2003.

Enhanced-V
parameter

1-km
ground-sampled distance

2-km
ground-sampled distance

4-km
ground-sampled distance

8-km
ground-sampled distance

TMIN 186 K (�87°C) 188 K (�85°C) 193 K (�80°C) 197 K (�76°C)
TMAX 219 K (�54°C) 218 K (�55°C) 216 K (�57°C) 215 K (�58°C)
TDIFF 33 K 30 K 23 K 18 K

FIG. 2. A zoomed-in LEO NOAA AVHRR 1-km spatial resolution enhanced 10.8-�m IR channel image
over southwestern TX at 2102 UTC 9 May 2003. The enhanced-V quantitative parameters are labeled as (a) TMIN
(K) and TMAX (K), (b) TDIFF (K) and DIST (km), (c) DISTARMS (km) and ANGLEARMS (°), and (d)
ORIENTATION.
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sampled distance compared to the LEO 1-km ground-
sampled distance. The warmer TMIN values were ob-
served for the 4- and 8-km ground-sampled distances
because at these ground-sampled distances, the satellite
imagery could not resolve the overshooting top regions
adequately. However, since the average diameter of an
overshooting top is between 1 and 2 km, satellite im-
agery observed at 1- and 2-km ground-sampled dis-
tances could resolve the overshooting top regions ad-
equately and hence observed colder TMIN values at
these finer ground-sampled distances. The TMAX pa-
rameter values got slightly colder for coarser LEO
ground-sampled distances, but only changed by 4 K
from 1- to 8-km ground-sampled distances (Table 1).
This seems to be because the temperature region asso-
ciated with TMAX occurs over a relatively large area
(compared to TMIN) and can be resolved fairly well for
both finer (1 km) and coarser (8 km) ground-sampled
distances. The TDIFF parameter values decreased sig-
nificantly (15 K) from finer (1 km) to coarser (8 km)
LEO ground-sampled distance (Table 1). These tem-
perature couplet value changes were affected mainly by

TMIN since the value of TMAX did not change much
from LEO at 8- to 1-km ground-sampled distances.

b. Error analysis of enhanced-V parameters

Since the technique that identifies and analyzes the
enhanced-V quantitative parameters is somewhat sub-
jective, the uncertainty of the parameters was tested. A
subsample consisting of approximately 10% of the en-
hanced-V cases from the 2003 season was randomly
selected by a second analyst. For each enhanced-V case
that was selected for the reanalysis, the seven quanti-
tative parameters were determined and compared to
the results from the original analysis of the parameters
determined from the first analyst.

For each enhanced-V parameter (excluding the
ORIENTATION parameter), the mean of the first
analysis and the reanalysis were calculated (Table 2). In
addition, the percent difference between analysts was
calculated for the mean for each parameter. These
percent differences show that measuring equivalent
blackbody temperatures was more accurate than mea-
suring distances and angles of the enhanced-V param-

FIG. 3. Zoomed-in image of an enhanced-V feature located over northeast OK observed from enhanced LEO
satellite imagery at 2218 UTC 6 May 2003 for 1-, 2-, 4-, and 8-km ground-sampled distances. The purple and white
colors in the location of the updraft and overshooting top represent colder BTs, while the surrounding black and
red colors represent warmer BTs.
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eters. The measurements of DIST, DISTARMS, and
ANGLEARMS are more subjective than the measure-
ments of TMIN, TMAX, and TDIFF.

The ORIENTATION parameter was also analyzed.
The southwest and northwest quadrant percentages did
not change. However, the northeast quadrant percent-
ages were overestimated by 12%, while the southeast
quadrant percentages were underestimated by 6% for
the reanalysis. These differences are dictated by the
ANGLEARMS parameter and lead to differences in
the ORIENTATION parameter by shifting the direc-
tion toward that in which the enhanced V is oriented.
Overall, since the percent differences for the mean for
ANGLEARMS was relatively small (i.e., 10.9%), the
percent differences for ORIENTATION were also
relatively small (largest difference was 12%).

The number of enhanced-V cases identified by each
analyst was also compared. The person who did the
reanalysis determined that 3 of the 20 cases in this error
analysis were not considered enhanced-V features in
their judgment, while the same three cases were con-
sidered enhanced-V features by the person who did the
original analysis. Therefore, determining if an area of
deep convection has an enhanced-V feature associated
with it can be problematic and quite subjective at times,
especially in marginally enhanced-V case scenarios
where the enhanced-V feature is quite subtle in the
imagery. In addition, using LEO satellite imagery to
determine if a feature is actually an enhanced V can be
difficult in the marginally enhanced-V cases because of
the coarse temporal sampling of the LEO satellite im-
agery. For the three questionable enhanced-V cases
discussed above, the person who did the reanalysis de-
termined that two of the cases had “warm trenches”
observable from the LEO imagery. Warm trench fea-
tures consist of a colder temperature region, such as
TMIN, surrounded entirely by warmer BTs. It is hy-
pothesized that the warm trench (cloud trench) occurs
near the storm summit as observed in Fujita (1974),

which supports a subsiding flow pattern downwind of
the storm summit due to adiabatic compression. The
warm trench cases in general may be associated with
severe weather, although no detailed studies have in-
vestigated the warm trench in relation to severe
weather. Future studies should investigate the warm
trench to see if there are any relationships to severe
weather.

4. Enhanced-V comparison with the McCann
(1983) study

One of the goals of this study is to investigate the
enhanced-V feature observed with finer ground-
sampled distance (i.e., 1 km) satellite imagery as an aid
for severe weather warning forecasters and to compare
with McCann’s (1983) enhanced-V study. Therefore,
verification statistics such as the probability of detec-
tion (POD), false alarm ratio (FAR), and critical suc-
cess index (CSI) were calculated. The POD is defined
as the ratio of the number of events N that are correctly
forecasted to occur to the total number of events T
(Schaefer 1990):

POD � N�T.

The FAR is defined as the ratio of the number of false
alarms F to the total number of predicted events P
(Schaefer 1990):

FAR � F�P.

Finally, the CSI is defined in terms of the FAR and
POD (Schaefer 1990):

CSI � ��POD��1 � �1 � FAR��1 � 1��1.

In this study, the presence of an enhanced-V feature
during the LEO overpass indicates a severe storm
warning. The POD is defined then as the ratio of the
number of enhanced-V features that were actually as-
sociated with severe weather to the total number of
severe storms. The FAR is defined then as the ratio of
the number of enhanced-V features that did not have
severe weather associated with them to the total num-
ber of enhanced-V features. Since this study deals with
LEO satellite imagery, severe storms and enhanced-V
features that were not present in the LEO satellite im-
agery, but that may have occurred at other times or in
different regions other than the overpass swath/time,
were not included in this study. LEO overpasses from 4
May to 5 July 2003 and 1 May to 1 July 2004 were
analyzed for enhanced-V features.

Each enhanced-V feature minimum equivalent
blackbody temperature (TMIN) location was plotted in
the satellite image with a 60-km circular radius outlined

TABLE 2. The mean values of the first analysis and the reanaly-
sis for the enhanced-V parameters TMIN, TMAX, TDIFF, DIST,
DISTARMS, and ANGLEARMS. Also shown is the percent dif-
ference for the mean value between the first analysis and the
reanalysis for each enhanced-V parameter.

Enhanced-V
parameter

First
analysis Reanalysis

Percent
difference

TMIN (K) 199.6 199.8 0.1
TMAX (K) 215.8 216.9 0.5
TDIFF (K) 16.2 17.2 6.3
DIST (km) 10.3 19.0 87.0
DISTARMS (km) 32.9 41.1 24.8
ANGLEARMS (°) 79.6 70.9 10.9
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around it. As discussed later, this circular outline de-
notes the distance threshold chosen to determine if a
severe report is associated with an enhanced-V feature.
If a severe report is located within the circular radius of
the enhanced-V feature, then it is assumed to be asso-
ciated with the enhanced V. However, if the severe
report is located outside of the circular radius, then it is
assumed to be associated with a different storm. For
events in both years, these severe reports included hail
greater than or equal to 0.75-in. diameter, winds greater
than or equal to 58 mi h�1 (50 kt), and tornadoes. In
addition, significant severe reports were plotted, which
consisted of hail reports greater than or equal to 2.00-in.
diameter, winds greater than or equal to 80 mi h�1

(70 kt), and F2–F5 tornadoes. Severe reports from 30
min before the overpass time to 30 min after the over-
pass time were plotted in the same satellite image. Mc-
Cann used GOES imagery over the entire United
States from April to July in his study and included se-
vere reports within 60 min after an enhanced V. In this
study, a 60-min time range was used for severe reports
to be consistent with the results of McCann. However,
the endpoints of the range were chosen to be 30 min
before to 30 min after the overpass time because it was
felt that a time within 30 min of the overpass would
represent the severe reports adequately in relation to
the LEO overpass image owing to time evolution of
storms. In addition, the time range must be large
enough to account for errors in reporting times of se-
vere weather.

The distance of 60 km was chosen as the threshold
for the following reasons. First, since there is a 1-h time
range in this study for the severe reports, time evolution
of a storm must be taken into consideration. Even
for extreme cases when a storm is moving faster than
100 km h�1, the 60-km radius would capture the storm.
Second, the coldest point of a thunderstorm as ob-
served from satellite can be offset upwind from the
highest point of a thunderstorm. This offset can be
10 km or more in some cases (Adler and Mack 1986).
Third, the updraft may slope vertically. For example,
the displacement distance between the top and base of
a thunderstorm updraft was found to be between 15
and 20 km (Heymsfield et al. 1983a). Therefore, even
though the satellite is observing TMIN at a certain lo-
cation, the base of a thunderstorm updraft and the se-
vere reports can be displaced a substantial distance
from TMIN. Also, parallax can affect the projected
ground location of the severe reports. The size of the
parallax error depends on the height and location of the
cloud relative to the satellite. Finally, severe hail and
winds can be displaced a large distance from the main
updraft–downdraft location of a storm. For example,

Miller et al. (1990) showed hail-producing regions ex-
tending 10–15 km to the east-southeast of the updraft
locations. There also seemed to be multiple hail-
producing regions in/around the updraft location. Also,
severe winds that are produced along gust fronts can
propagate very long distances from a parent thunder-
storm. It is expected that the 60-km circular radius is
large enough to capture the displacements of most se-
vere reports due to storm motion and structure; how-
ever, severe reports may be misrepresented as being
associated with an enhanced-V feature in the case of
closely spaced or multicellular storms where updrafts
are less than 120 km apart. McCann (1983) did not
specify a distance threshold around an enhanced-V fea-
ture for inclusion of severe reports in his study.

Two techniques were used to calculate the POD for
each season with respect to this enhanced-V polar or-
biting overpass study. The first technique is the “no
storm definition” POD, where all severe reports were
included in the POD without regard to the presence of
a storm in the satellite imagery at the time of the LEO
overpass. Severe reports of the same type (e.g., hail,
wind, or tornado) within 60 km of each other outside of
the enhanced-V circular radius outlines were grouped
together and counted only once in the POD calculation,
just as each enhanced-V feature with multiple severe
reports of the same type was counted only once. The
second technique is the “storm definition” POD, where
only severe reports were included in the POD if the
severe report was within 60 km of a satellite pixel with
a BT of �47°C (226 K) or colder. It was performed to
exclude possible situations of rapid storm growth when
full storm development may have occurred just after
the satellite overpass time with severe weather occur-
ring within 30 min. A BT threshold of �47°C was cho-
sen because Adler et al. (1985) used this value as a
determining factor for a definition of a thunderstorm.
Also, homogeneous nucleation occurs around �40°C,
which is a good indication of higher-level/more pro-
nounced vertical cloud development compared to
lower- to middle-level cloud development.

The 2003 POD values (Table 3) for the storm defi-
nition technique are within 1% of those from the no
storm definition technique for both tornado and wind
severe types. However, for hail, the storm definition
POD is 3% higher for severe hail and 8% higher for
significant severe hail. The 2004 season POD values for
the storm definition technique are 1% higher for the
severe types of hail and tornado compared to the no
storm definition technique, while the severe type of
wind is 3% higher. All significant severe types for the
2004 season POD values were within 3%. The 2004
season POD values showed that the storm definition
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did not impact the POD results in this study signifi-
cantly. Another interesting finding was that tornadoes
had higher POD values compared to hail and winds
except for significant hail. In addition, significant severe
types had higher POD values compared to the marginal
severe types except for winds in the 2003 season and
tornadoes in the 2004 season. McCann found a POD of
0.24 for severe weather in general (Table 4) and he
found a POD of 0.20 for tornadoes. Comparatively, in
this study PODs of 0.29 and 0.30 were found for severe
weather in general for the 2003 and 2004 seasons, re-
spectively. PODs of 0.47 and 0.39 were found for tor-
nadoes for the 2003 and 2004 seasons, respectively. An
increase to finer ground-sampled distance satellite im-
agery (from McCann’s 8-km GOES imagery to this
study’s 1-km LEO imagery) may have been the cause of
the improvement in the enhanced-V POD for severe
weather and especially for tornadoes. McCann also
looked at significant (F2–F5) tornadoes and found an
increase of the POD to 50% (Table 4), which was also
found in the 2003 season of this study (Table 3). How-
ever, the POD values for severe weather are still rela-
tively low for forecasting severe weather because 50%
of the time there is severe weather observed without an
enhanced-V feature.

The FAR values for both the 2003 and 2004 seasons
(Table 5) are smallest for severe hail, while the FAR
values are largest for severe wind in the 2003 season
and tornadoes in the 2004 season. Also, the FAR values
are larger for significant severe types compared to mar-
ginal severe types. This is because the significant severe
types do not occur as often as the marginal severe types.
McCann (Table 6) found an FAR of 0.31 for severe
weather in general, while the FAR in this study for

severe weather in general was 0.37 for both seasons.
The FAR values for severe weather prediction in-
creased slightly, while the CSI values were slightly im-
proved compared to McCann’s study (Tables 7 and 8).
If the constraint on the time of the severe reports with
respect to the observation of the enhanced-V feature is
loosened to be within 3 h before or after the en-
hanced-V image time, then the FAR values for severe
weather in general decreased to values slightly better
than McCann’s at 0.18 and 0.22 for the 2003 and 2004
seasons, respectively. GOES data were used to observe
the temporal evolution of the enhanced-V features and
its associated severe weather for the FAR analysis in
the loosened time constraint case because in some cases
severe weather was associated with an enhanced-V fea-
ture 1–2 h before or after the image time of the LEO
overpass and it was not certain if a severe report was
associated with a certain enhanced-V feature observed
in the LEO image alone. Therefore, GOES data were
used to show the time series of the enhanced-V features
for cases when severe weather occurred more than 30
min before or after the observation of the enhanced-V
feature during the overpass.

The subjective uncertainty of determining if an en-
hanced-V feature is present in an image may play a
small role in modifying the POD and FAR values found
in this study. If some of the “marginally” enhanced-V
cases determined by the first analyst were not consid-
ered enhanced-V cases according to the second analyst,
the FAR value may slightly decrease. The slight de-
crease in the FAR may be explained by eliminating
some of the marginally enhanced-V cases that did not
have severe weather associated with them. In addition,
the POD may slightly decrease by eliminating the mar-

TABLE 7. The CSI values for the 2003 and 2004 seasons for SVR wind, SVR hail, tornado, any SVR type, SIG SVR wind, SIG
SVR hail, SIG tornado, and any SIG SVR type. CSI values are calculated with both POD techniques for each season.

SVR
wind

SVR
hail Tornado

Any
SVR
type

SIG SVR
wind

SIG SVR
hail

SIG
tornado

Any
SIG SVR

type

CSI with no storm definition POD, 2003 season 0.14 0.23 0.23 0.25 0.02 0.10 0.07 0.12
CSI with storm definition POD, 2003 season 0.14 0.26 0.23 0.27 0.02 0.10 0.07 0.12
CSI with no storm definition POD, 2004 season 0.11 0.27 0.10 0.26 0.03 0.08 0.01 0.10
CSI with storm definition POD, 2004 season 0.11 0.28 0.10 0.27 0.03 0.08 0.01 0.10

TABLE 6. FAR-related values from McCann’s (1983) enhanced-V study: the ratio of enhanced Vs associated with severe weather
within 60 min to all enhanced Vs (� 1 � FAR) and the FAR for April, May, June, July, and the total.

Apr May Jun Jul Tot

Ratio and 1 � FAR (in parentheses) 110/150 (0.73) 180/241 (0.75) 185/277 (0.67) 133/216 (0.61) 608/884 (0.69)
FAR 0.27 0.25 0.33 0.39 0.31
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ginally enhanced-V cases that were associated with se-
vere weather.

5. Relation of enhanced-V parameters to severe
weather

a. Comparison of parameters between seasons

Refer to Table 9 for results of the quantitative pa-
rameters of the enhanced-V feature for both seasons.
The mean and median values of the enhanced-V pa-
rameters represent what the “average” enhanced V
looks like in the enhanced-V seasons observed with
LEO IR imagery. Also, the minimum and maximum
values show what the extremes of the enhanced-V pa-
rameters look like in the enhanced-V seasons observed
with LEO IR imagery. The percent differences be-
tween the two seasons for the mean and median values
are largest for DIST (9% and 10%, respectively) and
DISTARMS (5% and 11%, respectively), while they
are smallest for TMIN (0% and 1%, respectively),
TMAX (0% for both mean and median), TDIFF (0%
and 6%, respectively), and ANGLEARMS (4% and
1%, respectively). These percent differences for the
mean and median values of the parameters between the
two seasons are fairly small, which confirms that inter-

annual variability of the enhanced-V parameters is not
that important.

The results for the ORIENTATION parameter are
shown in Table 10. The northeast and southeast quad-
rants contained by far the highest percentages of en-
hanced Vs, while the southwest and northwest quad-
rants had much smaller percentages of enhanced Vs.
This is mainly because the upper-level wind direction
associated with most of the enhanced-V cases was from
the southwest or northwest. In fact, 83% and 90% of
the enhanced-V cases from the 2003 and 2004 seasons,
respectively, had both their ORIENTATION and up-
per-level wind direction aligned in the same direction.
However, there were several cases where the ORIEN-
TATION and upper-level wind direction associated
with the enhanced V were not aligned in the same di-
rection. This may be explained by storm-relative winds
having an impact on the direction that the enhanced V
is oriented toward rather than just the upper-level wind
direction at the near-tropopause level.

b. Association of individual parameters with severe
weather

Severe weather reports were analyzed for the two
enhanced-V seasons. Severe reports from 3 h before
the enhanced-V image time to 3 h after the image time
were included in the analysis. These severe reports in-
cluded hail greater than or equal to 0.75-in. diameter,
winds greater than or equal to 58 mi h�1 (50 kt), and
tornadoes. The 2003 season is the dependent dataset,
while the 2004 season is the independent dataset. Eight
severe weather categories were plotted in the severe
weather and enhanced-V parameter analysis:

• tornado, hail, and wind reports;
• tornado and hail reports only;
• tornado and wind reports only;
• hail and wind reports only;
• tornado report only;
• hail report only;
• wind report only; and
• no tornado, hail, or wind report.

TABLE 9. The mean, median, max, and min values for TMIN,
TMAX, TDIFF, DIST, DISTARMS, and ANGLEARMS for the
2003 and 2004 enhanced-V seasons.

2003 season

Parameter Mean Median Max Min

TMIN (K) 201 200 222 184
TMAX (K) 217 217 246 205
TDIFF (K) 16 16 35 5
DIST (km) 11 10 43 3
DISTARMS (km) 39 31 177 9
ANGLEARMS (°) 78 75 130 25

2004 season

Parameter Mean Median Max Min

TMIN (K) 201 201 220 181
TMAX (K) 217 217 232 206
TDIFF (K) 16 15 41 5
DIST (km) 10 9 41 3
DISTARMS (km) 41 34.5 146.5 10
ANGLEARMS (°) 75 74 117 38

TABLE 8. The CSI values from McCann’s (1983) enhanced-V
study, for April–July and the total.

Apr May Jun Jul Tot

CSI 0.25 0.28 0.19 0.17 0.21

TABLE 10. Results from the ORIENTATION parameter show-
ing the percentage of enhanced-V cases from the 2003 and 2004
seasons that were assigned to the southwest, northwest, northeast,
and southeast quadrants.

Quadrant 2003 season 2004 season

Southwest 5% 1%
Northwest 10% 3%
Northeast 60% 73%
Southeast 38% 28%
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Two-dimensional scatterplots of the severe reports
associated with the enhanced-V cases were examined.
The 2D scatterplots consisted of comparing two en-
hanced-V parameters at a time. All enhanced-V param-
eters were compared to each other in the scatterplots.
Thresholds of the enhanced-V parameters were chosen
to determine the percentage of enhanced-V cases from
the 2003 season (dependent dataset) that had severe
weather associated with them. Then, the same thresh-
olds of the enhanced-V parameters were applied to the
2004 season (independent dataset) to determine and
compare the percentage of enhanced-V cases that had
severe weather associated with them to the 2003 sea-
son. The severe weather categories that are listed above
were grouped into four simplified categories; tornado,
severe hail, severe wind, and any of three severe types.
The percentages of enhanced-V cases that met the
thresholds for the enhanced-V parameters being com-
pared in the 2D scatterplots and that were associated
with each severe weather category were calculated.

The only 2D scatterplot that was found to have sig-
nificant potential in severe weather warning decision
making was TMIN versus TMAX (Figs. 4 and 5). En-
hanced-V cases that had a TMIN of less than 205 K
(�68°C) and a TMAX greater than or equal to 212 K

(�61°C) were determined as the thresholds for the
TMIN versus TMAX scatterplot. For the 2003 and 2004
seasons, 96% and 88%, respectively, of the enhanced-V
cases that met the TMIN and TMAX thresholds had
any of three severe types category associated with them
(Table 11). Enhanced-V cases that met the TMIN and
TMAX thresholds had the largest association to severe
hail for both seasons, while the lowest association to
severe wind and tornadoes in the 2003 season and tor-
nadoes in the 2004 season. The percent errors between
the 2003 and 2004 seasons for the TMIN versus TMAX
scatterplot were largest for tornadoes and smallest for
severe hail and severe wind (Table 11). Overall, the
percent error between the two seasons for the TMIN
versus TMAX scatterplot for any of three severe types
category was 8%.

The enhanced-V parameter TMIN is associated with
the updraft location of deep convection and signifies
the strength of the updraft (Heymsfield and Blackmer
1988; Adler and Mack 1986). Therefore, the TMIN
threshold was used to distinguish between updraft
strengths; if a TMIN associated with an enhanced-V
case was colder than 205 K (�68°C), it was considered
a stronger updraft compared to TMIN values warmer
than the 205-K (�68°C) threshold. In addition, the en-

FIG. 4. A 2D scatterplot of TMIN (K) vs TMAX (K) for all enhanced-V cases in the 2003 season. Each
enhanced-V case was assigned to one of eight severe weather categories: 0, no tornado, hail, or wind; 1,
wind only; 2, hail only; 3, tornado only; 4, tornado, hail, and wind; 5, tornado and hail only; 6, tornado
and wind only; and 7, hail and wind only.
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hanced-V parameter TMAX is hypothesized to be the
result of various mechanisms that were discussed in the
background section of this paper. One of the mecha-
nisms proposed was TMAX resulting from adiabatic
descent (subsidence) downwind of the updraft location
(Heymsfield and Blackmer 1988; Adler and Mack 1986;
Heymsfield et al. 1983a; Negri 1982; Schlesinger 1984).
The thresholds of TMIN and TMAX combined in the
scatterplot represent TDIFF because as TMIN gets
colder and TMAX gets warmer, TDIFF gets larger. The
larger TDIFF values represent stronger updrafts in con-
junction with a warm region. The enhanced-V cases

that met the TMIN and TMAX thresholds had high
percentages (96% for the 2003 season and 88% for the
2004 season) of being associated with severe weather as
indicated above. Therefore, a forecaster could use
TMIN and TMAX in a quantitative sense to distinguish
the strength of a storm and in severe weather warning
decision making since these parameters are linked to
the strength of physical processes in deep convection.
In addition, an enhanced-V automated detection algo-
rithm could be developed to focus on the TMIN,
TMAX, and TDIFF values and provide warnings to a
storm if these values exceeded thresholds of 205 K
(�68°C) for TMIN and 212 K (�61°C) for TMAX (im-
plying larger TDIFF values). Another important point
is that DIST, DISTARMS, and ANGLEARMS do not
seem to be important for severe weather warning deci-
sion making since there were no associations between
the enhanced-V cases and severe weather found in this
study for these parameters. Hence, an enhanced-V au-
tomated detection algorithm should focus mainly on
the temperature parameters of the enhanced V rather
than the distance of the V arms and angle separation
between the V arms.

A box plot of TMIN values associated with en-
hanced-V cases from the 2003 season for the eight se-
vere weather categories discussed at the beginning of
this section was created (Fig. 6). The severe weather

TABLE 11. Results from a 2D scatterplot of TMIN vs TMAX for
enhanced-V cases that met the TMIN and TMAX thresholds and
that were associated with severe weather to the total number of
enhanced-V cases that met the TMIN and TMAX thresholds. The
severe weather categories included tornado, hail, wind, and any of
three severe types for the 2003 and 2004 seasons. Also, the per-
cent error between the 2003 and 2004 seasons is given for each
severe weather category.

Severe weather category 2003 season 2004 season
Error
(%)

Tornado 54/103 (52%) 33/113 (29%) 23
Hail 82/103 (80%) 95/113 (84%) 4
Wind 54/103 (52%) 54/113 (48%) 4
Any of three severe types 99/103 (96%) 99/113 (88%) 8

FIG. 5. Same as in Fig. 4 but for the 2004 season.
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categories of tornado, hail, and wind had the coldest
median TMIN value [197 K (�76°C)] and coldest 25%–
75% quartile TMIN values [192 K (�81°C) and 201 K
(�72°C)]. However, the nonoutlier range overlapped
all other severe weather categories, including the se-
vere weather category of no tornado, hail, or wind. The
severe weather category of no tornado, hail, or wind
had the warmest median TMIN value [206.5 K
(�66.5°C)] and the warmest 25%–75% quartile TMIN
values [200 K (�73°C) and 212 K (�61°C)]. All of the
other severe weather categories had median TMIN val-
ues and 25%–75% quartile TMIN values between the
severe weather category of tornado, hail, and wind and
the severe weather category of no tornado, hail, or
wind. However, the 25% quartile TMIN value for the
severe weather category of no tornado, hail, or wind
was colder than the median TMIN value for many of
the severe weather categories. Hence, TMIN alone is
not adequate for distinguishing between enhanced-V
cases that had severe weather associated with them and
enhanced-V cases that did not have severe weather.
The 2004 season box plot of TMIN values showed simi-
lar results.

A box plot of TDIFF values associated with en-
hanced-V cases from the 2003 season for the severe

weather categories was also created (Fig. 7). The severe
weather category of tornado, hail, and wind had the
largest median TDIFF value (21 K) and largest 25%–
75% quartile TDIFF values (16.5 and 25 K). However,
the nonoutlier range overlapped all other severe
weather categories, including the severe weather cat-
egory of no tornado, hail, or wind. The severe weather
category of no tornado, hail, or wind and the severe
weather category of wind only had the smallest median
TDIFF values (around 12 K for both) and the smallest
25%–75% quartile TDIFF values (10 and 15 K). All of
the other severe weather categories had median TDIFF
values and 25%–75% quartile TDIFF values between
the severe weather category of tornado, hail, and wind
and the severe weather categories of wind and no tor-
nado, hail, or wind. The 75% quartile TDIFF value for
the severe weather category of no tornado, hail, or wind
was smaller than or equal to the median TDIFF values
for all of the severe weather categories except wind
only. Overall, the TDIFF box plot shows that there is a
fairly good distinction between the TDIFF values asso-
ciated with enhanced-V cases that had severe weather
(other than just wind only) and enhanced-V cases that
did not have severe weather. The TDIFF threshold for
enhanced-V cases associated with severe weather ver-

FIG. 6. TMIN box plot for all enhanced-V cases from the 2003 season for the eight severe weather
categories. The severe weather categories are the same as those listed in Fig. 4. In addition, the median
value of TMIN, the 25%–75% quartile ranges for TMIN, and the nonoutlier range for TMIN for each
severe weather category are plotted.
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sus enhanced-V cases not associated with severe
weather seems to occur around 15 K. The 2004 season
box plot of TDIFF values showed similar results.

c. Upper-level wind speed and severe weather

The upper-level wind speed (UL WIND SPD) from
the GOES water vapor–derived winds (WVDW) was
examined using a 1D scatterplot for all enhanced-V
cases for the 2003 and 2004 seasons with severe weather
categories plotted (Figs. 8 and 9). The UL WIND SPD
at the near-tropopause level was examined instead of
vertical wind shear because the enhanced-V feature oc-
curs at the cloud top instead of throughout a deep layer
of the storm. A UL WIND SPD of greater than 50 kt
(26 m s�1) was chosen as the threshold for the UL
WIND SPD scatterplot. Some 93% and 99% of the
enhanced-V cases that met the UL WIND SPD thresh-
old had the “any of three severe types” category asso-
ciated with them for the 2003 and 2004 seasons, respec-
tively (Table 12). Enhanced-V cases that met the UL
WIND SPD threshold had the largest association with
severe hail for both seasons, while also having the low-
est association with severe wind in the 2003 season and
tornadoes in the 2004 season. The percent errors be-
tween the 2003 and 2004 seasons for the UL WIND
SPD scatterplot were largest for severe hail and small-
est for severe wind (Table 12). Overall, the percent

error between the two seasons for the UL WIND SPD
scatterplot for the any of three severe types category
was 6%.

A forecaster could use the UL WIND SPD observed
from the GOES WVDW as another key parameter for
severe weather warning decision making because of the
high probabilities of severe weather associated with en-
hanced-V cases that had UL WIND SPDs greater than
50 kt (26 m s�1). An enhanced-V automated detection
algorithm could also search for the nearest UL WIND
SPD or an averaged number of surrounding UL WIND
SPDs closest to the enhanced V from the GOES
WVDW. The results from the UL WIND SPD scatter-
plots show that the UL WIND SPD may be even more
important than the enhanced-V temperature param-
eters (TMIN, TMAX, and TDIFF) since the UL WIND
SPD threshold applied to the enhanced-V cases had a
higher probability of severe weather compared to the
temperature parameter thresholds. However, the tem-
perature parameters are still important in defining and
detecting the enhanced V in the satellite imagery.

d. Geographic and diurnal distributions of
enhanced Vs

Since there is a substantial association between se-
vere weather and the enhanced-V feature shown in the
last two sections and in many past papers (McCann

FIG. 7. Same as in Fig. 6 but for the TDIFF box plot.
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1983; Negri 1982; Heymsfield et al. 1983a,b; Adler et al.
1985; Heymsfield and Blackmer 1988), it is hypoth-
esized that the geographic distribution of enhanced-V
features and severe weather should look similar. The

majority of the enhanced-V cases (Fig. 10) occurred
over the Great Plains and midwestern parts of the
United States. With only a few reports of enhanced-V
cases over the northeastern and western parts of the

FIG. 9. Same as in Fig. 8 but for the 2004 season.

FIG. 8. A 1D scatterplot of UL WIND SPD (kt) for all enhanced-V cases in the 2003 season. Each
enhanced-V case was assigned to one of eight severe weather categories: tornado, hail, and wind;
tornado and hail only; tornado and wind only; hail and wind only; tornado only; hail only; wind only; and
no tornado, hail, or wind.
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United States, there seems to be a high geographical
distribution of enhanced-V cases to the Great Plains
and midwestern climatic regions. However, since the
two seasons include only LEO imagery, there may have
been enhanced-V features that were not detected, be-
cause they occurred before or after the satellite over-
pass. In addition, the peak frequency for thunderstorms
over the northeastern United States is during the
month of July (Changnon 2001), so it is possible that

there may have been a few more enhanced-V cases
detected over the northeast United States if the
datasets had included the entire month of July. Our
datasets included data from early May to early July.
However, the geographic distribution observed in our
data is consistent with the distribution in previous stud-
ies of enhanced-V features. In past studies, almost ev-
ery enhanced-V case study occurred over the Great
Plains and midwestern parts of the United States (e.g.,
Adler et al. 1985; Heymsfield and Blackmer 1988;
Heymsfield and Fulton 1994; Heymsfield et al. 1983a,b;
McCann 1983; Negri 1982). In addition, compared to
the rest of the United States, the Great Plains and Mid-
west are climatologically favored for deep convection
and severe weather (Changnon 2001). The geographic
distribution of enhanced-V features from this study and
the severe weather climatology over the United States
look similar. Therefore, the geographic distribution of
enhanced-V features from this study supports the
strong relationship between the enhanced-V features at
cloud top and a reasonably high probability of observ-
ing severe weather.

In addition, it is hypothesized that the daytime versus
nighttime satellite distribution of the enhanced-V fea-

FIG. 10. Map showing the locations of the enhanced-V cases over the United States from the 2003 and
2004 seasons. The enhanced-V cases that are labeled in red occurred between 1500 and 0300 UTC
(daytime and evening hours), while the enhanced-V cases that are labeled in blue occurred between 0300
and 1500 UTC (evening and daytime hours).

TABLE 12. Results from a 1D scatterplot of UL WIND SPD for
the number of enhanced-V cases that met the UL WIND SPD
threshold and that were associated with severe weather to the
total number of enhanced-V cases that met the UL WIND SPD
threshold. The severe weather categories included tornado, hail,
wind, and any of three severe types for the 2003 and 2004 seasons.
Also, the percent error between the 2003 and 2004 seasons is
given for each severe weather category.

Severe weather category 2003 season 2004 season
Error
(%)

Tornado 70/134 (52%) 30/82 (37%) 15
Hail 98/134 (73%) 79/82 (96%) 23
Wind 66/134 (49%) 47/82 (57%) 8
Any of three severe types 125/134 (93%) 81/82 (99%) 6
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ture is similar to the daytime versus nighttime severe
weather distribution. Enhanced-V cases that occurred
between 1500 and 0300 UTC are considered daytime/
evening convection, while enhanced-V cases that oc-
curred between 0300 and 1500 UTC are considered
nighttime/morning convection. There was a noticeable
difference in the daytime versus nighttime satellite dis-
tribution of the enhanced-V features. Approximately
81% of the enhanced-V cases (366 out of 450 cases) for
the two seasons occurred between 1500 and 0300 UTC.
In addition, severe weather (i.e., especially tornadoes)
usually occurs during the afternoon and evening hours
(Ackerman and Knox 2003). The daytime versus night-
time distribution of enhanced-V features looks similar
to the daytime versus nighttime distribution of severe
weather. Therefore, the daytime versus nighttime sat-
ellite distribution of enhanced-V features from this
study also supports the strong relationship between the
enhanced-V features at cloud top and a reasonably high
probability of observing severe weather.

6. Conclusions

This study investigated the enhanced-V feature at
cloud top and its relationship to observing severe
weather. The enhanced-V feature was observed with
finer ground-sampled distance (i.e., 1 km) satellite im-
agery as compared to past enhanced-V studies and was
investigated as a warning tool for severe weather. The
results of verification statistics from this study were
compared with McCann’s (1983) enhanced-V study.
These results showed that the probability of detection
(POD) and critical success index (CSI) of enhanced-V
features for forecasting severe weather were slightly
better (increased a little), while the false alarm ratio
(FAR) was slightly worse (increased a little) compared
to McCann’s study. However, if the constraint on the
time of the severe reports with respect to the observa-
tion of the enhanced-V feature is loosened to within 3
h before or after the enhanced-V image time, then the
FAR values for severe weather in general decreased to
values slightly better than McCann’s FAR. Overall, the
increase in the POD for severe weather in general and
especially tornadoes may have been a result of the finer
ground-sampled distance (i.e., 1 km) used in this study
compared to McCann’s 8-km ground-sampled distance.
However, the POD for significant tornadoes (50%)
within this study (2003 season) was the same as that
found by McCann.

The enhanced-V cases that met the TMIN and
TMAX thresholds in the 2D scatterplot had high per-
centages (96% for 2003 season and 88% for 2004 sea-

son) of being associated with severe weather. There-
fore, a forecaster could use TMIN and TMAX in a
quantitative sense to distinguish the strength of a storm
and in severe weather warning decision making since
these parameters are linked to the strength of physical
processes in deep convection. In addition, an en-
hanced-V automated detection algorithm could be de-
veloped to focus on the TMIN, TMAX, and TDIFF
values and provide warnings to a storm if these values
exceeded thresholds of 205 K (�68°C) for TMIN and
212 K (�61°C) for TMAX (implying larger TDIFF val-
ues). Also, the TDIFF box plot from the 2003 season
showed that there is a fairly good distinction between
the TDIFF values associated with enhanced-V cases
that had severe weather (other than just wind only) and
enhanced-V cases that did not have severe weather.
The TDIFF threshold for enhanced-V cases associated
with severe weather versus enhanced-V cases not asso-
ciated with severe weather seems to occur around 15 K.

A forecaster could also use the upper-level wind
speed (UL WIND SPD) observed from the Geostation-
ary Operational Environmental Satellite (GOES) wa-
ter vapor–derived winds (WVDWs) as another key pa-
rameter for severe weather warning decision making
because of the high probabilities of severe weather
(93% for 2003 season and 99% for 2004 season) asso-
ciated with enhanced-V cases that had UL WIND SPDs
greater than 50 kt (26 m s�1). An enhanced-V auto-
mated detection algorithm could also search for the
nearest UL WIND SPD or an averaged number of sur-
rounding UL WIND SPDs closest to the enhanced V
from the GOES WVDWs. The results from the UL
WIND SPD scatterplots show that the UL WIND SPD
may be even more important than the enhanced-V tem-
perature parameters (TMIN, TMAX, and TDIFF)
since the UL WIND SPD threshold applied to the en-
hanced-V cases had a higher probability of severe
weather as compared to the temperature parameter
thresholds. However, the temperature parameters are
still important in defining and detecting the enhanced V
in the satellite imagery.

This study focused on enhanced-V features observed
with finer (1 km) ground-sampled distance but with
very coarse temporal sampling. Therefore, the evolu-
tion of the enhanced-V parameters at 1-km ground-
sampled distance could not be examined because of the
poor temporal sampling. However, future satellites
such as the Advanced Baseline Imager on board
GOES-R will be able to monitor the temporal evolu-
tion of the enhanced-V parameters with 5-min interval
data but with a slightly coarser ground-sampled dis-
tance (2 km) compared to LEO satellite imagery
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(Schmit et al. 2005). The ideal satellite to improve the
detection of severe weather with enhanced-V features
further should have the highest available temporal sam-
pling (such as 1-min interval data) but with a ground-
sampled distance (1 km) similar to that was used in this
study. Future studies should also examine values of the
enhanced-V parameters with current GOES data and
compare those results to the values of the parameters
observed in LEO satellite data. Also, the time evolu-
tion of the enhanced-V parameters with current GOES
data should be investigated to see if trends in the pa-
rameters could be used in severe weather warning de-
cision making.
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