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ABSTRACT

 Forecasting the initiation, intensity, and duration of  severe convective events remains 

a significant challenge for operational weather forecasters. Even with continual increases in 

operational forecast model spatial resolution, numerical models remain unable to simulate  

mesoscale phenomena with the necessary degree of  accuracy. Satellite remote sensing,  however, 

has experienced major technological advancements over the last decade. Enhancements to 

sensing and software packages, the spatial and temporal resolution, and the development of  

various algorithms have bolstered a forecaster’s ability to nowcast thunderstorm growth and 

strength. The University of  Wisconsin recently developed a cloud-top cooling algorithm, 

which has preliminarily demonstrated to provide forecast lead times of  up to 1 hour on severe 

convection. Fifty three major events will be analyzed and evaluated during the Spring and Summer 

seasons from 2012-2014 over the Great Plains states. Correlations will also be performed 

between cooling rates, hail sizes, and various environmental parameters. Application and utility 

in operational forecasting of  large hail should be considered, based on the findings of  this study.
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1. Introduction

 Forecasting the onset and size of  large hail can be extremely challenging for 

operational meteorologists throughout the country. A thunderstorm can initiate, build, and 

attain tremendous vertical depths in 15 minutes or less. The early stages of  growth can remain 

undetected by Doppler radar for quite some time, often leaving  little warning for those in the 

immediate path, once significant echoes are observed (Sieglaff  et al. 2011; Hartung et al. 2013). 

Large hail can have major societal impacts to include loss of  life or livestock, disruption of  

commercial or military flying operations, and catastrophic damage to personal property. Having 

sufficient lead-time on these events therefore becomes critical. 

 The improvement of  satellite technology over the last several years has dramatically 

enhanced nowcast and forecast capabilities of  convective activity in the United States. 

Geostationary Operational Environmental Satellites (GOES) can now provide finer resolution 

imagery and data updates every  5-15 min. By using satellite, valuable intelligence on the initiation 

and growth of  a thunderstorm can be gained prior to the detection of  reflectivity echoes on 

Doppler radar (Sieglaff  et al. 2011; Hartung et al. 2013). Cloud-top cooling trends observed in 

the infrared (IR) brightness channel may reveal key evidence on thunderstorm development, and 

severity, to include the likelihood of  hail. Sieglaff  et al. (2011) developed a cloud-top cooling 

(hereafter referred to as “UW-CTC”) and cloud-type trend algorithm using a satellite-based 

box average technique. The algorithm has been shown to provide the most operationally useful 

data when mid and high level clouds are absent, while new thunderstorm clusters are at their 

early stages of  development (Sieglaff  et al. 2011; Hartung et al. 2013). Studies have shown 

that UW-CTC rates can provide ample forecast lead-time on severe convection (Sieglaff  et al. 
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2011; Hartung et al. 2013). Much of  this study will focus on the correlation between hail of  

varying size, UW-CTC rate, environmental variables, and lead times using several case studies 

from 2012-14. 
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2. Background

 Cloud-top cooling data for a thunderstorm are calculated from the moment of  

convective initiation through glaciation (i.e., when it reaches its mature stage and contains 

predominantly frozen hydrometeors at storm top). Once glaciation occurs in a thunderstorm, 

the algorithm terminates, and cooling rates are no longer calculated, even if  that storm continues 

to intensify (Sieglaff  et al. 2011). 

a.  Algorithm detail

 UW-CTC rates are automatically computed by an algorithm that box averages the 11-

µm IR brightness temperature and cloud properties between two satellite scan sequences. A box 

measuring 7x7 pixels (i.e., 28 x 28 km on GOES 4-km imagery) is utilized and is ideally sized to 

contain any small order of  cloud motions between scan times, even during rapid scan operations.

 Generating a UW-CTC rate that is of  operational value is a complex, multifaceted 

process by which false cooling from horizontal cloud motions, and multiple cloud layers must 

be taken into consideration (Sieglaff  et al. 2011). An average temperature in the 7x7 box is 

computed using IR brightness values for each individual pixel and for six different cloud species, 

which include water, supercooled, mixed phase, cirrus, overlap, and thick ice clouds. Clear sky 

and fog pixels are not considered in this approach, as only vertically developing cloud structures 

are of  interest. Additionally, the algorithm is only designed to compute cooling values in the 7x7 

box that contains at least 5% cloud cover to ensure adequate pixel contribution. Cloud types are 

also identified for each pixel, culminating in a percentage of  each cloud type for the entire box. 

This procedure aids in removing false cooling signatures later in the process. To give a good 
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representation of  horizontal scale, pixel sizes of  a convective cloud mass can range vastly on the 

order of  3-IR pixels (cumulus stage) to 100+ IR pixels (mature stage). Next, the previous IR-

window brightness temperature values are differenced from that of  the current scan time resulting 

in an unfiltered cloud top-cooling rate, normalized to a 15-min period. Figure 1 (left) shows an 

example of  an unfiltered cooling product. A percentage of  each cloud type category is determined 

for each pixel within the box, which preliminarily helps to eliminate areas of  false cloud top cooling. 

 To determine the overall CTC rate, current and previous scan times are differenced 

using the box average values from each scan. This process results in an unfiltered CTC product 

portraying both horizontal cloud motions and vertical cloud growth. Horizontal cloud motions 

are typical of  warm clouds and must be discarded, while vertical cloud motions, indicative of  

convection and cloud top cooling, must be kept (Sieglaff  et al. 2010). Therefore, a procedure 

must be developed to eliminate and filter false cooling signatures from actual cooling pixels.

Fig. 1. (left) Unfiltered CTC rate [K (15 min)-1] valid at 2015 UTC 29 Apr 2009, and (right) filtered CTC rate [K (15 min)-1] 
valid at 2015 UTC 29 Apr 2009. (Sieglaff  et al. 2011)
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b.  Algorithm filtering process

            False cooling signatures are removed from the unfiltered product to produce a final, 

filtered product using an extensive 7-step process. Any pixels not meeting the requirements 

of  each of  these steps are discarded from the cloud-top cooling calculation. Most of  the false 

cooling signatures are eliminated in steps 1 and 2. A brief  summary of  these steps are outlined 

in the Fig. 2 flowchart, and as follows. In the first step, false cooling signatures caused by 

horizontal cloud motions are removed by comparing current and previous satellite scan times 

(Sieglaff  et al. 2011). Step 2 removes additional false cooling pixels by identifying horizontal 

cloud motions solely in the current satellite scan time only (Sieglaff  et al. 2011). The third step 

eliminates cooling pixels associated with ice clouds (i.e., thick ice, cirrus, or overlap) that are 

present in at least half  of  the box (Sieglaff  et al. 2011). The identification and removal of  pixels 

Fig. 2. Flowchart of  the UWCI algorithm steps. Seven tests are utilized for filtering false CTC. (Sieglaff  et al. 2011) 
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that contain a thin, horizontally moving layer of  cirrus clouds that are present with either clear 

skies below, or a small cluster of  cumulus clouds beneath, occurs in the fourth step (Sieglaff  et 

al. 2011). Step 5 locates and eliminates cloud pixels that do not transition from liquid water to 

supercooled-mixed phase, and then ice (i.e., glaciated), which tends to occur when another cloud 

object translates into the box (Sieglaff  et al. 2011). Step 6 removes pixels containing overlap 

clouds (i.e., lower warm cloud and higher ice cloud/cirrus), particularly when overlap clouds make 

up a majority of  the 7x7 box (Sieglaff  et al. 2011). Lastly, the seventh step identifies and filters 

pixels that are characterized by very weak cooling signatures (i.e., shallow cumulus clouds with 

slow vertical growth rates) (Sieglaff  et al. 2011). This final step is comprised of  four additional 

assessments that assign weights to each pixel based on the height of  the weakest cooling pixel, 

standard deviation of  brightness temperature, and cloud type maturity (Sieglaff  et al. 2011).

 Upon conclusion of  these steps, all false cooling signatures are eliminated, and 

a filtered UW-CTC product is generated with noticeably less cooling pixels than the noisy 

unfiltered product. This is consistent with the logic that the spatial scale of  a convective cloud’s 

updraft, that contributes to cooling as it ascends, is relatively small when compared to the size 

of  horizontally moving synoptic scale features. An example of  this filtered cooling product 

can be seen in Fig. 1 (right).

c.  Convective initiation nowcasting

 Convective initiation (CI) nowcast categories can be assigned to all cooling pixels 

based on cloud-top-type and trends, which include pre-CI water cloud growth, CI likely for 

supercooled mixed phased cloud growth, and CI occurring for recently glaciated vertically 

growing clouds, as shown in Fig. 3. This final product is then compared with lightning initiation 
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data derived from the National Lightning Detection Network (NLDN). A summary of  each of  

these CI categories will be briefly discussed, as much of  this present study will focus solely on 

UW-CTC values associated with storms that developed, became severe, and produced large hail.

 Pixels are grouped into one of  these three categories only when at least five of  

them contain a cooling rate of  <4 K (15 min)-1 and <5% of  the pixels are comprised of  thick 

ice cloud, during the last satellite scan. For a cooling pixel to qualify for the “pre-CI” cloud 

growth category, >10% of  the cloud type contained in the small 7x7 box must be comprised 

of  liquid water (>10%), and only a fraction or less (<5%) of  the supercooled or frozen type 

phase. These are often clouds that are in their very early vertical growth stages, showing some 

Fig. 3. Example of  a UWCI nowcast valid 2015 UTC 29 
Apr 2009. In this example, CI nowcasts were made over 
the TX and southwestern KS. (Sieglaff  et al. 2011)
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weak cloud top cooling signatures. For the “CI likely” category, >5% of  the cloud type is 

comprised of  liquid water and supercooled water, and a small fraction (<5%) is composed 

of  thick ice. These are often clouds that are in the mature stage of  vertical growth with more 

considerable rates of  cloud top cooling, just prior to glaciation. Lastly, the “CI occurring” 

category is marked by >5% frozen ice clouds that have glaciated and are in their decaying 

stage. These are clouds that have already reached their peak in cloud-top cooling, and will no 

longer produce UW-CTC signatures. The above categories are representative of  the overall 

lifecycle of  a developing thunderstorm. False alarm rates for each category for 380 cases 

studied in 2008-09 by Sieglaff  et al. (2011) are higher for the pre-CI cloud growth (43%), 

and lower for the CI likely and CI occurring (20% and 24% respectively). These statistics 

indicate that false alarm rates are higher for convective cloud structures that are in their early 

growth phase, and lower for those that have reached the mature stage (Sieglaff  et al. 2011).

 Cloud-to-ground lightning is used as a proxy for convective initiation due to its 

improved coverage over radar reflectivity data. Scan gaps, beam blockage, and beam refraction 

are some of  the limitations experienced with ground based radar technology. The first observed 

lightning strike by the NLDN from a newly forming convective cloud defines the term “lightning 

initiation”. The lightning initiation data are produced and displayed in 5-minute intervals over 

a 60-minute period, from newly developing convection. To aid in verification of  the data and 

to determine the probability of  lightning detection, convective clouds are tracked using the 

GOES-13 IR channel.
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d.  Physical interpretations of  cloud-top cooling

 Overall, cloud-top cooling is a function of  both the physical environment as well 

as how an air parcel behaves thermodynamically. Consider a moist air parcel that rises due to 

positive buoyancy principles (i.e., the parcel temperature is warmer than its environment) past 

the Level of  Free Convection. As the parcel rises, it becomes colder with increasing height, and 

its rate of  assent, is a good measure of  layer stability. Therefore, those parcels that rise at the 

fastest rates are expected to cool at the fastest rates. These same principles can also be applied 

to a convective cloud mass that is growing vertically. Cloud masses that ascend at the fastest 

rates experience the most rapid cooling at cloud top with time, which can be used as a proxy 

for storm severity. Figure 4 is an example schematic of  how cloud-top temperature varies with 

time, as a thunderstorm grows vertically. Studies done by Adler and Fenn (1981) and Roberts 

Fig. 4. Conceptual model of  a developing cumulonimbus cloud (a) illustrating how cloud-top temperature decreases with in-
creased vertical growth (maturation) over time in the X-Z temperature field from a geostationary satellite. (Hartung et al. 2013)
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and Rutledge (2003) showed that for a supercell thunderstorm, evidence of  intense vertical 

cloud growth and rapid cooling at cloud top on satellite imagery preceded the development 

of  significant radar echoes and mesocyclones. Studies done by Sieglaff  et al. (2011) were the 

first to develop a boxed-average approach used for calculating UW-CTC data, relating cooling 

rate to thunderstorm growth over an entire 24-hour period.

e.  Operational testing and evaluation of  UW-CTC

 From 2009-12, forecasters at the Storm Prediction Center (SPC) first tested the UW-

CTC algorithm during the GOES-R Proving Ground Hazardous Weather Testbed. The original 

motivation for using this tool was convective initiation nowcasting, however; an additional 

advantage was discovered in linking UW-CTC values to the magnitude of  convective intensity. 

Instantaneous UW-CTC rates themselves were determined to be more operationally significant 

than the three CI nowcast categories assigned to the cooling data by the algorithm (Hartung et 

al. 2013). It was through this discovery that lead-time analysis was developed by tracking clouds 

via satellite during early stages of  storm growth, and utilizing ground based radar reflectivity 

fields during and after storm maturation.

 Hartung et al. (2013) conducted a study of  881 thunderstorm that compares maximum 

observed UW-CTC rate with various radar derived fields including maximum achieved values 

of  composite reflectivity, vertically integrated liquid (VIL), and maximum estimated size of  

hail (MESH). Relationships between UW-CTC and these radar fields can be seen in Fig. 5. The 

following UW-CTC categories were established to delineate intensity of  convective growth, with 

values represented in [K (15 min)-1]: weak (CTC > -10K), moderate (-10 > CTC > -20), and 
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strong (CTC < -20) (Hartung et al. 2013). The authors stress that, using “max UW-CTC rates” 

as opposed to “all instantaneous UW-CTC rates” is crucial as 93% of  all forming convective 

clouds obtain their max cooling rates by the second satellite scan, and 99% obtain their max 

rates by the third scan (Hartung et al. 2013). Furthermore, maximum UW-CTC rates were 

observed 70% of  the time during the first satellite scan, 82% by the 15 minute scan, and 90% 

by the 30 minute scan (Hartung et al. 2013).

Fig. 5. Comparison of  maximum cloud-top cooling rates to (a) maximum composite reflectivity (dBZ), (b) VIL, and (c) MESH 
for cloud objects that had both a UW-CTC rate and associated radar field at some point in their lifetime. UW-CTC rates for 
cloud objects are binned by intensity [K (15 min)-1] with weak, moderate, and strong convective growth defined as UW-CTC > 
-10, -10 > UW-CTC > -20, and UW-CTC < -20, respectively. For each boxplot, the median (red line), 25th and 75th percentiles 
(top and bottom bounds of  blue box), and one standard deviation (whiskers) are shown. (Hartung et al. 2013)
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f.  Lead time criteria defined for UW-CTC

 Hartung et al. (2013) established their lead time criteria as the time of  maximum 

UW-CTC rate minus time of  maximum composite reflectivity. Of  the 881 cases analyzed, 40% 

to 50% possessed lead times of  15 minutes or greater. A noteworthy finding is that the higher 

reflectivity cores, when compared to corresponding UW-CTC rates, produced the greatest 

positive lead times. There was a noticeable increase in median lead times from 10 minutes for 

values of  45 dBZ, 25 minutes for 60 dBZ, and greater than 60 minutes for dBZ values over 

60, when comparing maximum cooling rates with maximum composite reflectivity (Hartung 

et al. 2013). Additionally, lead times were greatest for storms possessing the coldest UW-CTC 

rates corresponding with the largest values of  VIL, associated with the most intense vertical 

velocities or updraft speeds. Lead time criteria are defined as the time of  maximum UW-CTC 

rate minus time of  maximum achieved VIL value. There was a notable increase in median lead 

times from 20 minutes to over 60 minutes as VIL values rose from 20 kg m-2 to over 45 kg m-2, 

respectively  (Hartung et al. 2013). Moreover, lead times were greatest for storms possessing 

the coldest UW-CTC rates corresponding with the largest values of  MESH. Lead times are 

again calculated by taking the difference between time of  maximum UW-CTC rate and time of  

maximum achieved MESH value. At least 30 minutes of  lead time were observed for MESH 

values in excess of  1-inch for a majority (65% to 85%) of  the associated convective cloud 

objects. The probability of  detection (POD) was highest for operationally significant MESH 

values (71% for over 1-inch and 72% for over 2-inches) (Hartung et al. 2013). Figure 6 shows 

an overall comparison of  maximum UW-CTC rates with corresponding lead times of  maximum 

derived values of  composite reflectivity, VIL, and MESH.
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g.  Example case study from May 13, 2009

 Hartung et al. (2013) highlighted the May 13, 2009 hail event over Oklahoma City 

in their study of  cooling rates and lead times of  the radar derived products mentioned in the 

previous section. In this case, there were two successive GOES-12 11-µm IR scans with a 

maximum UW-CTC rate observed of  [-16K (15 min)-1] and [-20K (15 min)-1] respectively. As 

the storm grew, it later produced a maximum composite reflectivity value of  55 dBZ (36 minutes 

after highest observed CTC rate). Later, a MESH value of  1-inch was detected by WSR-88D 

(49 minutes after highest observed cooling rate). A severe hailstone measuring 1.25-inches was 

later reported 72 minutes after the strongest satellite observed UW-CTC rate. Figure 7 shows the 

chronology of  events leading up to the report of  hail. Based on the findings from the research 

performed by Hartung et al. (2013), there are many operational forecasting applications and 

Fig. 6. Normalized frequency of  lead times (min) between the time that a cloud object’s weak (light gray), moderate (gray), and 
strong (black) maximum UW cloud-top cooling rate was observed with respect to when the object achieved (a) a composite 
reflectivity of  60 dBZ, (b) a VIL of  40 kgm-2, and (c) 1-inch. MESH was achieved. (Hartung et al. 2013)
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benefits to utilizing UW-CTC rates, when assessing the severity of  developing convection.  The 

next two sections of  this study will outline a new approach to using cooling rates to forecast 

large hail events.

Fig. 7. GOES-12 11-mm IR-window (a),(d) brightness temperature (K) and (b),(e) UW-CTC rate [K (15 min)-1] valid at 2215 
and 2225 UTC, respectively, on 13 May 2009. (c),(f) Quality controlled NEXRAD composite reflectivity (dBZ) valid at 2216 
and 2226 UTC, respectively, on 13 May 2009. The developing convective cloud of  interest is located just to the northwest of  
OKC. (Hartung et al. 2013)
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3. Methodology

 Much of  the research that has already been done in the field related to UW-CTC 

rates has focused chiefly on applications in convective initiation nowcasting, comparisons with 

various radar derived fields, and correlation with convective strength and maturity. This study 

focuses solely on severe convective hail events, defined by the National Weather Service as hail 

greater than or equal to 1-inch in diameter. The Department of  Defense considers large hail 

as hail measuring 0.75 inches in diameter or larger. These events have the most impact on the 

full spectrum of  military operations and civilian activities.

a.  Research domain, data sources, and cases selected

  This study was conducted for a domain encompassing the interior plains of  the 

United States, which is very similar to that used by Hartung et al. (2013), and is illustrated in 

Fig. 8. The highest frequency of  large hail occurrences was located in Nebraska, Iowa, Kansas, 

Missouri, and Oklahoma. A total of  14 convective cases (days) were chosen spanning the 

spring to early summer months from 2012 through 2014, and are listed in Table 1. A total of  

53 individual thunderstorms were identified, analyzed, and tracked, all of  which were associated 

with a UW-CTC signature. These were also storms that exhibited positive lead times, as large 

hail production occurred after the termination of  cooling at cloud-top.

    Lead time criterion is defined as the difference in time between the incidence of  

the coldest observed UW-CTC rate, which is normalized to [K (15 min)-1], and the occurrence 

of  the largest associated hailstone report. Probability of  detection (POD) and false alarm rate 

(FAR) were not investigated during this research due to the overwhelmingly large number of  
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cases containing numerous individual thunderstorm events. Additionally, these statistics have 

already been explored and discussed in the algorithm validation research conducted by Hartung 

et al. (2013).

Fig. 8. Analysis domain over the interior plains of  the United 
States (red contour) within which satellite-based cloud objects 
are used to investigate the relationship between various UW-
CI-CTC algorithm cooling rates and WSR-88D and NLDN 
lightning data. This analysis domain is the same as that used by 
Sieglaff  et al. (2011) and Hartung et al. 2013.

Table 1. Large hail cases chosen for this study, with 53 
different thunderstorm events comprising these 14 cases.
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 The UW-CTC data used in this study have been parallax-corrected by the WDSS-II 

satellite-based object tracking framework at 0.04° latitude-longitude using IR-window top-of-

the-troposphere cloud emissivity (Pavolonis 2010). Furthermore, these archived satellite data 

were obtained from various sources including Dr. Mark Anderson (University of  Nebraska-

Lincoln), Jason Apke (University of  Alabama-Huntsville), and Justin Sieglaff  and Lee Cronce 

(University of  Wisconsin-Madison). Base reflectivity dual polarization radar data at the 0.5° 

elevation scan were obtained by the Next Generation Radar Data (NEXRAD) server archive, 

hosted by the National Climatic Data Center (NCDC), and analyzed concurrently with the 

UW-CTC data. Integrated Data Viewer (IDV) was used to analyze and visualize both the UW-

CTC and base reflectivity radar data. Lastly, environmental parameters such as most unstable 

convective available potential energy (MUCAPE), -10°C to -30°C CAPE, 500-700mb lapse 

rates, and freezing level were retrieved from the SPC hourly mesoscale analysis archive.

b.  SHAVE data

 Hail reports were correlated with UW-CTC rates in the following manner. First, the 

latitude and longitude of  the location of  each hail report were obtained from the Severe Hazards 

Analysis and Verification Experiment (SHAVE) archive. When SHAVE data were unavailable, 

official storm reports were used from the SPC. SHAVE is a project that was started in 2006 

at the National Severe Storms Laboratory in Norman, Oklahoma, with the goal of  providing 

improved spatial and temporal resolution storm reports, along with more accurate counts of  hail 

magnitude. A team of  scientists at the National Severe Storms Laboratory blend high-resolution 

radar data with geographic information systems to collect hail reports from thunderstorm hail 

swaths, with the aid of  students from students from Oklahoma State University (Ortega et al. 
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2009). Verification phone calls are made by the students to businesses and residences along the 

path of  a severe thunderstorm, within 60 minutes of  storm passage. The verification process 

involves a survey given to callers in which a series of  questions are asked to gain information on 

location, size, and time of  hail occurrence. Operations are planned to commence on a given day 

for a particular location based on the convective outlook produced by the SPC, the availability 

of  accurate georeferenced phone numbers, temporal swath of  MESH, and overall storm type 

and environment (Ortega et al. 2009). Figure 9 shows an example of  typical SHAVE reports 

combined with SPC storm reports, and overlaid with MESH.

Fig. 9. SHAVE and Storm Data reports overlaid in Google Earth on a NSSL radar-based hail swath for a storm on 27 Jun 2008 
near Omaha, NE. Where NWS reports are attached by a line, it is one report in Storm Data, with a start and end location. 
(Ortega et al. 2009)



19

c.  Data analysis

 Once a cluster of  hail reports are observed within close proximity to one another, 

UW-CTC rates are analyzed within the region as much as three hours prior to the earliest 

received report. If  a cooling signature is present, base reflectivity at the 0.5° elevation slice is 

overlaid, as the convective cloud structure begins to mature. UW-CTC rates tend to precede the 

development of  significant reflectivity echoes on radar. However, not every cooling signature 

Fig. 10. Valid at 2000 UTC 20 May 2013: (a) MU-CAPE (J kg-1), (b) -10°C to -30°C CAPE, (c) 500-700 mb lapse rates (°C km-1), 
and (d) freezing level (kft). These images were provided by the Storm Prediction Center Hourly Mesoscale Analysis Archive. 
Site: http://www.spc.noaa.gov/exper/ma_archive/.
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results in a subsequent hail report, and not every hail report is preceded by a cooling signature, 

for reasons explained in earlier sections. After cooling data and radar data are overlayed, the 

time of  coldest UW-CTC rate is recorded along with the time of  the largest reported hailstone 

in the localized cluster of  reports. Taking the difference between these two times results in the 

lead time.

 Each CTC-verified hailstone for every thunderstorm is then compared to 

environmental variables such as MU-CAPE, -10°C to -30°C CAPE, 500-700mb lapse rate, 

and freezing level. Figure 10 (a-d) shows a sample of  this data. The values of  these fields were 

obtained by interpolation techniques based on the time and location that the maximum hail 

associated UW-CTC value occurred.

d.  MUCAPE

 MUCAPE was a chosen environmental variable in this study over surface-based 

CAPE (SBCAPE), due to its reliability in measuring instability within a column of  air above the 

planetary boundary layer (PBL). Large amounts of  mixing tend to take place within the PBL, 

and surface temperature and dewpoint readings can often be contaminated by non-adiabatic 

processes. MUCAPE, instead calculates CAPE from the pressure level that yields the greatest 

value. With MUCAPE, it is assumed that parcel lifting begins at this level.

e.  -10°C to -30°C CAPE

 CAPE within the -10°C to -30°C layer was also chosen, which defines the prime hail 

growth zone, where updraft speeds tend to be the strongest. Significant accretion of  supercooled 
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water droplets onto hail cores, and the hail recycling process occur most in this region. Values 

of  this CAPE parameter typically range from 0-1,000 J kg-1.

f.  500-700mb lapse rates

 Similar to -10°C to -30°C CAPE, lapse rates in the 500-700mb layer were analyzed 

and defined the region where lapse rates, within the column, tended to be the steepest. On a 

convective weather day, steep lapse rates are a strong indicator that hail is favorable. Conditional 

instability and CAPE tend to be the greatest with mid-level lapse rates. The upper bound of  

this layer typically reaches the lower bound of  the -10°C to -30°C layer.

g.  Freezing level

 Freezing level is an important parameter to consider on a convective weather day 

when forecasting for the potential of  large hail. The height of  the freezing level can have 

significant implications on whether or not hail reaches the surface, as well as the overall size of  

the hailstone reaching the ground. Typically, when the 0°C isotherm is observed above 15,000 

feet, a hailstone melts before it reaches the earth’s surface (Porter et al. 2005). Alternatively, 

an exponential increase in hailstones reaching the surface can be expected for freezing levels 

below 15,000 feet 

 Once values were obtained for UW-CTC rates and all the environmental parameters, 

the data was then correlated based on the associated hail size using the Pearson Correlation 

(r) in Microsoft Excel. The significance of  "r" is approximated by the critical correlation (rcrit), 

and represented by the following expression:
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The value of  n = 53, which is the number of  events included in the correlation, resulting in 

an rcrit value = 0.27. This also represents the value of  "r" significance at the 95th percentile. 

Correlated data are presented and explained in detail in Section 4 of  this paper.

h.  Sources of  error

            The methodology for calculating UW-CTC values, along with the process of  correlating 

cooling rates with hail sizes, and comparing hail size to environmental variables may have 

produced the following sources of  error. First, the true coldest cloud-top brightness temperatures 

could be underestimated by the 11-µm IR channel GOES imagery, due to the small spatial size 

of  the coldest value with respect to the size of  the pixel. This could subsequently lead to cooling 

rates that are slightly misrepresented. Secondly, there are errors that arise from convective 

cloud-object tracking. This involves cloud structures that are misidentified by the automated 

framework due to storm splitting and merging, as well as inconsistencies between satellite scan 

times (Hartung et al. 2013). Tracking larger cloud objects with increased temporal resolution 

tends to reduce errors tremendously. Additional errors could also have resulted from the manual 

interpolation of  various numeric values during the analysis of  UW-CTC rates, CAPE indices, 

lapse rates, and freezing level. Because the values of  these indices were model generated, error 

is also introduced during the objective analysis approximation process. Lastly, when correlating 

UW-CTC rates to hail sizes there is error associated with the reported size of  the hailstone. This 

is largely due to the limited number of  reports for storms that occur in unpopulated rural areas, 

the unlikelihood of  storm spotters being able to observe the absolute largest hailstone produced 

by a given storm, and the tendency for spotters to focus on the more urgent phenomena when 
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two severe events occur simultaneously (Witt et al. 1998b; Stumpf  et al. 2004; Ortega et al. 2006; 

Hartung et al. 2013). Lastly, when looking at the overall frequency of  reported hail sizes for all 

53-thunderstorm events in this study, it is worth noting that a majority (64%) fell in the 1-2 inch 

category, as shown in Fig. 11. Significantly less reports were comprised of  the 3 inches or greater 

categories. Therefore, caution should be exercised when correlating the larger hailstones to any 

quantity, as sampling size tends to decrease exponentially with increasing hailstone diameter. 

64%	  

24%	  

4%	  
8%	  

Frequency	  of	  Reported	  Hail	  Size	  (%)	  

1-‐2''	  

2-‐3''	  

3-‐4''	  

4''+	  

Fig. 11. Percent frequency of  maximum reported hail sizes broken down by category, for all 53 thunderstorm events.



24

4. Results

            The data collected from all 53 severe thunderstorm events, spanning across 14 cases, 

yielded particularly noteworthy results. For each event, maximum UW-CTC rate, MUCAPE, 

-10°C to -30°C CAPE, 500-700mb lapse rate, and freezing level data were collected and compared 

with the largest associated hail report, ranging from 1-4.25 inches. In addition, the mean lead 

time and mean UW-CTC rate for hail sizes of  each category (in increments of  0.25 inches) 

were computed.

a.  Comparing UW-CTC rate to hail size

  Relating maximum UW-CTC rate to largest hail size for all storms produced the 

most significant results during this study. The r2 and r values were 0.38 and 0.61 respectively, 

which were well over rcrit, indicating a strong correlation between the two quantities. Figure 12 

represents a scatter plot of  the relationship in which there are a higher concentration of  hail 

stones associated with UW-CTC rates between -15[K (15 min)-1]  to -33[K (15 min)-1] in the 
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Fig. 12. Scatter plot representing cloud-top cooling versus hail size, for all 53 events. Large dot sizes signify areas in the plot 
where multiple data points of  the same quantity overlap.
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1-3 inch category and noticeably less above 3 inches. Additionally, there is a sizable gap in the 

data collected for hailstones measuring 3.25-4.25 inches. This is due to the fact that hailstones 

above 3 inches are an anomalous occurrence. The minimum and maximum observed cooling 

rates were -13[K (15 min)-1] (for a 1.75-inch hailstone), and -62[K (15 min)-1] (for a 3.25-inch 

hailstone), with the later being the outlier event. Another significant finding was that reported 

hail sizes generally increased as the magnitude of  UW-CTC rates increased. Figure 13 shows the 

mean hail diameters associated with the corresponding mean cooling rates in binned categories. 

Here, the trend also indicates that hail size is proportional to the magnitude of  UW-CTC rate, 

with increasing hail sizes accompanying the steepest cooling rates. This further indicates that a 

strong relationship exists between the magnitude of  the maximum cooling rate and the largest 

reported hail stone. However, due to the sparse nature of  the data above the 3-inch category, 

a confident assessment of  expected hail size from the UW-CTC rate cannot be made.
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  Based on the findings of  this study, UW-CTC rates should be used operationally 

as a stand alone product when forecasting hail of  varying size, with the condition that a cooling 

signature precedes the report of  severe hail. Furthermore, observed cooling rates of  <20[K 

(15 min)-1] are strong indicator of  large hail (>1-inch) potential. Knowledge of  the convective 

environment while using this product will further aid in a forecaster’s ability to predict the 

occurrence of  large hail.

b.  Comparing MUCAPE to hail size

 There was a much weaker correlation between MUCAPE and hail size, with r2 

and r values of  0.07 and 0.26 respectively. In this comparison, the value of  “r” fell just below 

rcrit. The scatter plot in Fig. 14 shows a general trend towards increasing hailstone size with 

increasing CAPE values. Despite this observation, there was a tremendous amount of  spread 

in the reported hail stones produced by increasing magnitudes of  CAPE. For example, an 

Fig. 14. Scatter plot representing MUCAPE versus hail size, for all 53 events. Large dot sizes signify areas in the plot where 
multiple data points of  the same quantity overlap.
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MUCAPE value of  1,500 J kg-1 later produced hail sizes within a range of  1-2.5 inches, while 

a value of  4,000 J kg-1 later produced hail sizes between 1 and 4.25 inches. Additionally, 5,000 

J kg-1 of  CAPE were present in an environment that later yielded a hail size of  1-inch, and 

1,000 J kg-1 of  CAPE were present just prior to a hailstone report of  4.25 inches. Therefore, 

this parameter should not be used as a stand along product, and instead, integrated with other 

parameters when assessing the convective environment for hail potential.

c.  Comparing -10°C to -30°C CAPE to hail size

 In general, -10°C to -30°C CAPE data behaved similarly to MUCAPE, in which there 

was a high degree of  variance associated with hail sizes produced by increasing magnitudes of  

CAPE. For example, Fig. 15 shows that 100 J kg-1 of  CAPE was associated with a 1.75-inch 

hailstone, and 800 J kg-1 of  CAPE later resulted in hailstone diameters between 1 and 4.25 

inches. Pearson correlation values yielded slightly better results with r2 = 0.09 and r = 0.29, 

which was slightly above the threshold value of  statistical significance. The general trend also 
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Fig. 15. Scatter plot representing -10° to -30°C CAPE versus hail size, for all 53 events. Large dot sizes signify areas in the plot 
where multiple data points of  the same quantity overlap.
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shows that increasing -10°C to -30°C CAPE values correspond to increasing sizes of  reported 

hail size. This CAPE parameter, while performing better than MUCAPE, should also be used 

with other parameters when assessing the convective environment for hail potential, due to 

the high degree of  variability in the data.

d.  Comparing 500-700mb lapse rates to hail size

 Lapse rates in the 500-700mb layer correlated better with hail size than any of  

the CAPE parameters, with Pearson correlation values of  r2 = 0.10 and r = 0.32, which 

was above rcrit. Again, there was noticeable variance in the data but to a lesser degree than 

the CAPE parameters. Lapse rates of  6°C km-1 produced hail sizes ranging from 1-2 

inches, whereas lapse rates of  8.5°C km-1 later resulted in hail sizes ranging from 1-4.25 

inches. Additionally, a majority of  the reports, and largest variance, existed for lapse rates at 

the 7.5°C km-1 value. The trend line in Fig. 16 shows that overall hail size increases can be 

expected with increasing magnitude of  lapse rates from 500-700mb. This parameter should 
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Fig. 16. Scatter plot representing 500-700mb lapse rate versus hail size, for all 53 events. Large dot sizes signify areas in the 
plot where multiple data points of  the same quantity overlap.
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be utilized on a convective weather day when forecasting for large hail, but in conjunction 

with other convective parameters, due to the variance in hail diameters seen for lapse rates 

of  increasing magnitude.

e.  Comparing freezing level to hail size

 The comparison between freezing level and hail size was extremely poor, with 

virtually no correlation between the two quantities (r2 = 0.009 and r = 0.09). Figure 17 shows 

how there is a tremendous amount of  variance in the data plots for a majority of  the hail 

size categories. In addition, there are two extreme outliers at the 2,000 ft freezing level in the 

1.5-inch and 1.75-inch hailstone categories. The nearly zero correlation may be attributed to 

fact that the freezing level is a parameter that is highly variable. The value is prone to change 

throughout a convective day, especially from the time it is first measured via radiosonde at 

1200 UTC and the time that convection grows into a mature cloud structure. The freezing 

level can also descend after the thunderstorm reaches maturity, especially as it collapses and 
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Fig. 17. Scatter plot representing freezing level versus hail size, for all 53 events. Large dot sizes signify areas in the plot where 
multiple data points of  the same quantity overlap.
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there is a down-rush of  precipitation cooled air (via diabatic cooling) toward the surface 

of  the earth (Porter et al. 2005). Furthermore, model projections of  this quantity have a 

difficult time resolving any localized changes in the vertical, due to the small spatial size 

with respect to the model grid spacing. Also, raw freezing level data are typically assimilated 

into the models only twice per day from radiosondes degrading the temporal resolution of  

this quantity. The mean temperature of  the layer bounded between the surface and the 0°C 

isotherm can influence the size of  the hailstone reaching the ground as well. Therefore, the 

freezing level should be considered in operational forecasting of  large hail but used with 

other environmental parameters.

f.  Comparing hail size to lead time

 The mean lead time for all 53 thunderstorm events was 81 min. The minimum, 

lower quartile, median, upper quartile, and maximum values were 12 min, 51 min, 78 min, 

100 min, and 147 min, respectively. The 147 min lead time for a 2.75-inch hailstone was an 

outlier event, as a majority of  the associated lead times fell below the 120 min mark. When 

the mean lead times are computed for each hail size category, no significant trend exists, as 

shown in Fig. 18. The trend appears to be skewed significantly by the lead times that resulted 

in average hail sizes in the 1-inch and 3.25-inch categories. Additionally, with only five hail 

events contributing to the mean lead times within the 3-4.25-inch hail size categories, the 

relationship between lead time and hail size is inconclusive. However, removing these events 

within this range produce a much stronger trend that shows that for increasing lead times, 

the maximum expected hail size also increases.
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g.  Case study - May 20, 2013

 The Moore, Oklahoma tornado event on May 20, 2013 marked the end of  a three-

day episode of  repeated severe weather throughout the region. Numerous reports of  damaging 

winds, large hail and several tornadoes (one EF-5) were reported on this date across the state 

of  Oklahoma (Burgess et al. 2014).

 Strong upper level dynamics and an extremely unstable thermodynamic environment 

favored the development of  severe convection over central and eastern Oklahoma. A broad 

500mb trough established itself  over western and central U.S., while a strong shortwave trough 

propagated through the broad upper level cyclonic flow into the Central Plains. The upper level 

environment was also characterized by a fairly strong upper level jet maxima stretching from 

the southern Rockies into the southern Great Plains. Rapid surface heating and ample low level 

moisture resulted in increasing atmospheric instability. The average values of  MUCAPE, -10° to 
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Fig. 18. Scatter plot representing the mean lead time for all hailstones in each size category.
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-30°C CAPE, 500-700mb lapse rates, and freezing level were 4,000 J kg-1, 800 J kg-1, 7.5°C km-1, and 

13,000 ft, respectively. Figure 10 (a-d) shows the values of  these parameters at 2000 UTC on May 

20, 2013, centered on Oklahoma. Elevated values of  deep layer shear promoted the formation 

of  rotating supercell thunderstorms. Instability and shear indices are also captured well by the 

1700 UTC observed sounding from Oklahoma City, in Fig. 19. With a cold frontal boundary 

extending across the northwest part of  Oklahoma, a dryline situated to the west, and preexisting 

outflow boundaries scattered about, plenty of  triggers for convective initiation were present.

            A few notable thunderstorm events occurred on this date over Oklahoma that were 

associated with strong UW-CTC signatures. The first event was a supercell thunderstorm that 

Fig. 19. Observed radiosonde profile at 1700 UTC on May 20, 2013 for Oklahoma City, Oklahoma.
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produced a tornado south of  Oklahoma City in the town of  Moore, Oklahoma. Figure 20 

shows a time sequence of  the events as they occurred. At 1826 UTC, Doppler radar showed 

the merger of  two mesoscale boundaries southwest of  the city. From 1830-1900 UTC, weak 

reflectivity returns (~30-40 dBZ) rapidly developed, proceeded by an anomalous cooling rate 

of  -62[K (15 min)-1] at 1910 UTC. The National Weather Service Office in Norman, Oklahoma 

issued a severe thunderstorm warning at 1912 UTC (Burgess et al. 2014). Rapid growth and 

maturity of  the thunderstorm followed through 1927 UTC, upon which a 3.25-inch hailstone 

was reported. A 17-minute lead time was achieved between the time of  the coldest UW-CTC 

rate and the occurrence of  the largest hailstone. At 1956 UTC, a large tornado was first reported 

southwest of  Oklahoma City. 

a) b) 

c) d) 

1845 UTC 1910 UTC 

1929 UTC 1955 UTC 

Fig. 20. Time sequence of  supercell development on May 20, 2013 near Oklahoma City, Oklahoma, as represented by a-d. Base 
reflectivity (dBZ) at 0.5° and UW-CTC rates [K (15 min)-1] are displayed in all four panels. The time and location of  largest 
reported hailstone and first occurrence of  a tornado are annotated by an “H” and “T” respectively.
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 Two additional thunderstorm events occurred around the same time in the Tulsa, 

Oklahoma area, along a similar merger of  mesoscale boundaries. Figures 21 and 22 show a 

time sequence of  the events as they occurred. The first event was characterized by a series 

of  cooling signatures that began at 1910 UTC, and peaking at 1945 UTC. The coldest UW-

CTC rate observed at this time was -42[K (15 min)-1]. At 2015 UTC, a 4.25-inch hailstone fell, 

resulting in a lead time of  30 minutes. The second thunderstorm possessed cooling signatures 

that commenced at 1940 UTC (prior to the observance of  any radar reflectivity returns) and 

concluded at 2002 UTC with a maximum cooling rate of  -39[K (15 min)-1]. By 2050 UTC, a 

2.75-inch hailstone was reported by official storm spotters, providing a lead time of  48 minutes. 

At 2056 UTC, the supercell thunderstorm, with a well-defined hook, produced a large tornado 

just north of  Tulsa, OK.

 Figure 23 (a-c) shows the graphical chronology of  cooling rates for all three 

thunderstorm events, with the maximum hail size occurrence noted for each. A gradual step 

increase in maximum UW-CTC rates can be observed, preceding each hailstone report.
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a) b) 

c) 

1910 UTC 1915 UTC 

1940 UTC 2015 UTC 

d) 

Fig. 21. Time sequence of  supercell development on May 20, 2013 near Tulsa, Oklahoma, as represented by a-d. Base reflec-
tivity (dBZ) at 0.5° and UW-CTC rates [K (15 min)-1] are displayed in all four panels. The time and location of  largest reported 
hailstone and first occurrence of  a tornado are annotated by an “H” and “T” respectively.

a) b) 

c) 

1940 UTC 2002 UTC 

2051 UTC 2055 UTC 

d) 

Fig. 22. Time sequence of  supercell development on May 20, 2013 near Tulsa, Oklahoma, as represented by a-d. Base reflec-
tivity (dBZ) at 0.5° and UW-CTC rates [K (15 min)-1] are displayed in all four panels. The time and location of  largest reported 
hailstone and first occurrence of  a tornado are annotated by an “H” and “T” respectively.
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Fig. 23. Graphs representing the time sequence of  all UW-CTC rates (blue) leading up to the largest hailstone 
occurrence (red) for each of  the events on May 20, 2013 a) corresponding to Fig. 20, b) corresponding to 
Fig. 21, c) corresponding to Fig. 22.
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5. Conclusion

            The UW-CTC algorithm is a powerful meteorological tool that aids in the forecasting of  

significant mesoscale phenomena such as large hail associated with severe thunderstorms. The 

magnitude of  the cooling rate is proportional to both the stage of  convective growth, and the 

overall severity of  the convection (related to thunderstorm updraft strength and speed). These 

cooling rates are multi-functional in that they can also provide information about convective 

initiation, and whether or not a thunderstorm is anticipated to weaken or continue to grow. 

The algorithm works best during the onset of  convective growth and tends to degrade once 

the storm is mature, merges with other cloud objects, or there are multiple cloud layers present 

(i.e., low, warm cloud beneath cumulonimbus, and cold cirrus cloud above thunderstorm anvil).

 There was a fairly strong correlation between UW-CTC rate and hail size in this study 

by which "r" was well above the threshold value of  statistical significance. Strong cooling rates 

of  <-20[K (15 min)-1] preceding significant radar returns have demonstrated to be an excellent 

precursor for severe convection containing large hail (> 1 inch). Also, the general trend shows 

that reported hail size increases as the magnitude of  the cooling rate increases. For hail sizes 

3-inches or greater, there was very limited data to work with, due to the rare nature of  this 

phenomenon, resulting in an inconclusive assessment of  the average lead time associated with 

hail of  varying size categories. Based on the results found during this study, this parameter 

should be used operationally as a stand alone product, when forecasting for large hail, with 

the condition that a cooling signature precedes the report of  severe hail. An additional caveat 

is that POD and FAR were not looked at during this research, and should also be considered 

when selecting the UW-CTC rate as an operational forecasting tool. Finally, some slight bias 
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may have been introduced during this study based on the selection of  only the most severe 

hail cases and events from 2012-2013.

 Correlations between environmental parameters and hail size proved to be weaker, 

with 500-700mb lapse rate relationship yielding the most critically significant results. The 

relationship between freezing level and hail size was the most poor with a nearly zero correlation. 

However, when these environmental parameters are integrated with UW-CTC rates, and forecaster 

knowledge of  the convective environment, confidence scores for large hail forecacting will  

continue to improve.

 Armed with this information, Department of  Defense, military, and civilian authorities 

are better suited to take appropriate actions by saving lives and protecting resources in a more 

reasonable amount of  time. With the expected launch of  GOES-R in 2016, improvements in 

the spatial and temporal resolution should continue to bolster the operational capability that the 

UW-CTC data provides. Further exploration of  this nowcasting tool should be considered for 

other mesoscale phenomena such as damaging winds, and tornadoes, to determine operational 

use or significance in those areas.
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