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ABSTRACT

Lightning initiation (LI) events over Florida and Oklahoma are examined and statistically compared to
understand the behavior of observed radar and infrared satellite interest fields (IFs) in the 75-min time
frame surrounding LI. Lightning initiation is defined as the time of the first lightning, of any kind, generated
in a cumulonimbus cloud. Geostationary Operational Environmental Satellite (GOES) infrared IFs, con-
toured frequency by altitude diagrams (CFADs) of radar reflectivity, and model sounding data, analyzed in
concert, show the mean characteristics over time for 36 and 23 LI events over Florida and Oklahoma,
respectively. CFADs indicate that radar echoes formed 60 min before Florida LI, yet Oklahoma storms
exhibited a ~30-min delayed development. Large ice volumes in Florida developed from the freezing of
lofted liquid hydrometeors formed by long-lived (~45 min) warm rain processes, which are mostly absent in
Oklahoma. However, ice volumes developed abruptly in Oklahoma storms despite missing a significant
warm rain component. GOES fields were significantly different before 30 min prior to LI between the two
locations. Compared to Florida storms, lower precipitable water (PW), higher convective available po-
tential energy, and higher 3.9-um reflectance in Oklahoma, suggest stronger and drier updrafts producing
a greater abundance of small ice particles. Somewhat larger 15-min 10.7-um cooling rates in Oklahoma
confirm stronger updrafts, while clouds in the 60-30-min pre-LI period show more IF variability (e.g., in the
6.5-10.7-um difference). Florida storms (high PW, slower growth) offer more lead time for LI pre-
dictability, compared to Oklahoma storms (low PW, explosive growth), with defined anvils being obvious at
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the time of LI.

1. Introduction

The main motivation for this study is the lack of pre-
vious research linking observations from ground-based
radar, lightning, and geostationary satellite for convec-
tive clouds, [in this case, developing cumulus clouds
undergoing convective initiation (CI)] and first-flash
lightning initiation (LI) processes. Specifically, this pa-
per presents an analysis in which contoured frequency
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by altitude diagrams (CFADs) were developed for a
population of storms over the period 60 min prior to
15 min after LI, in two distinct geographical regions:
Florida (FL) and Oklahoma (OK). The evolution of the
CFAD of reflectivity (Z) data is then compared to time
series of cloud-top geostationary satellite-based infrared
(IR) observations that describe physical attributes of
cumulus cloud dynamics (i.e., updraft strength, updraft
width, glaciation, and cloud depth). For this research,
LI is defined as the first detectable lightning flash [of
any type, not just cloud-to-ground (CG)] from a new,
growing cumulus cloud. The purpose of this analysis is
to increase understanding on how cumulus clouds and
precipitation evolve over a 75-min time frame with
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TABLE 1. The convective initiation (CI) and lightning initiation (LI interest fields, and their respective thresholds, used in Mecikalski and
Bedka (2006) and H10. The last column summarizes each field’s physical description.

Critical CI value 15-30-min
Interest field (Mecikalski and Bedka 2006) threshold (H10) Physical description
10.7-um Ty <0°C <0°C Cloud tops cold enough to support

10.7-um Tp time trends <—4°C (15 min) !

super-cooled water and ice mass
growth; cloud-top glaciation

<—6°C (15 min) "'  Cloud growth rate (vertical)

[AT5 (30 min) ™' < ATj (15 min) ']

Timing of 10.7-um T'g drop
below 0°C
6.5-10.7-um Ty difference

Within prior 30 min
Tp diff: —35°to —10°C
13.3-10.7-um Ty difference  Tp diff: —25° to —5°C
>3°C (15 min) !

6.5-10.7-um T'g time trend

13.3-10.7-um T time trend ~ >3°C (15 min) !

3.9-10.7-um Tp difference Not used
3.9-10.7-um Ty time trend  Not used
3.9-um fraction reflectance ~ Not used
3.9-um fraction reflectance ~ Not used

trend®

Not used Cloud-top glaciation

>-30°C Cloud-top height relative to mid/upper
troposphere

>-13°C Cloud-top height relative to mid/upper

troposphere; better indicator of early
cumulus development but sensitive
to cirrus

Cloud growth rate (vertical) toward
dry air aloft

Cloud growth rate (vertical) toward
dry air aloft

Cloud-top glaciation

Sharp decrease, then increase indicates
cloud-top glaciation

Cloud top consists of ice (ice is poorer
reflector than water at 3.9 um)

Cloud-top glaciation rate

>5°C (15 min) !
>4°C (15 min) '

>17°C
>1.5°C (15 min) !

<0.11

<—0.02 (15 min) !

respect to LI, when radar CFAD and Geostationary
Operational Environmental Satellite (GOES) IR fields
are considered in tandem. A further goal will be to gain
insight into the predictability of LI, from a combined
satellite and radar perspective.

In a previous study, Harris et al. (2010; hereafter H10;
see also Siewert 2008), the goals were to gain an un-
derstanding of the behavior of only GOES-sensed IR
cloud-top properties for cumulus clouds that grow and
form an initial lightning flash, to statistically quantify
satellite field importance related to LI, and to suggest
preliminary “critical” values per field. H10 analyzed the
behavior of 10 GOES-12 IR interest fields (IFs) within 1 h
prior to LI for 172 thunderstorms in four different regions:
FL; OK; Washington, D.C.; and northern Alabama.
Statistical analysis revealed that 8 of the 10 IFs (Table
1) exhibited predictive capability for nowcasting LI,
with an average forecast lead time of 35 min.

The present study extends H10. Cumulus cloud pro-
cesses, inferred from GOES IR IFs, are analyzed in
concert with precipitation (specifically, Z) data from the
National Weather Service Weather Surveillance Radar-
1988 Doppler (WSR-88D). This is done to build un-
derstanding and to quantify the precursors to LI in both
IR and Z fields, simultaneously. The comparisons are
evaluated statistically to determine, over the 75 min

surrounding LI, when the IR and Z patterns are (or are
not) significantly different between FL and OK. Variations
of environmental factors affect the kinematic and
microphysical characteristics that influence the
charging process, the physics involved in LI occur-
rence, and (perhaps) how much lightning is eventually
produced in the cumulonimbus clouds (which is only
an inference from this research). This study then re-
lates differences in convective cloud processes, found
between FL and OK, to variations in the stability,
thermodynamic (temperature and moisture profiles),
and boundary layer characteristics. Quantifying the be-
havior of geostationary IR and Z data, for growing cu-
mulus and cumulonimbus clouds, is novel in that it
simultaneously helps toward predicting LI and lightning
in general. Past research is subsequently drawn in toward
explaining relationships observed within both the CFAD
and GOES IR datasets.

2. Background

Thunderstorm electrification has long been discussed
(Wilson 1916; Simpson and Scrase 1937), and yet it is
still not completely understood owing to the dynamic
and microphysical processes across multiple scales in-
volved, the complex interactions among them (Williams



JANUARY 2013

1988), and the difficulty of obtaining in situ observations
within vigorous convective storms. It is believed that
precipitation-based charging theories are the primary
mechanism for thunderstorm electrification (Dye et al.
1988, 1989; MacGorman and Rust 1998). The precipitation-
centered charging theories fall into two categories: the
inductive charging mechanisms (Elster and Geitel 1913;
Aufdermauer and Johnson 1972) and the ice particle
collision-based charging mechanisms (also referred to
as ‘“‘non-inductive” charging; Workman and Reynolds
1949; Rutledge et al. 1992; Helsdon et al. 2002; Mitzeva
et al. 2005; Emersic and Saunders 2010). Rebounding
collisions, between riming graupel (or hail particles) and
ice crystals in the presence of super-cooled liquid water,
is central to the non-inductive charging theory. Sup-
ported by field evidence, laboratory results, and model
results, the non-inductive mechanism is the favored dom-
inant charging theory (Williams and Lhermitte 1983;
Takahashi 1978; Mansell et al. 2005).

Ground-based radar Z data were used in numerous
studies to help understand the mechanism of thunder-
storm electrification and lightning activity (Buechler
and Goodman 1990; Michimoto 1993; Gremillion and
Orville 1999; Vincent et al. 2004). Since strong Z values
are often observed in mixed-phase regions of clouds,
they can indicate the existence of large dense ice such as
graupel and hail. Hence, their existence has been widely
used as an indicator in studies of nowcasting the onset of
CG lightning (Dye et al. 1989; Buechler and Goodman
1990; Hondl and Eilts 1994), total lightning frequency
(Petersen and Rutledge 2001; Deierling and Petersen
2008; Xu et al. 2009; Liu et al. 2010), and lightning ces-
sation (Hinson 1997; Wolf 2007; Stano et al. 2010;
Anderson 2010). A common scenario demonstrated in
previous radar-based studies is a lag time, on the order
of 10 min, between the appearance of a large Z (e.g., 30—
40 dBZ) at temperatures below a certain threshold (e.g.,
from 0° to —20°C) and a first CG lightning strike. For
example, Dye et al. (1989) studied thunderstorms in
New Mexico and identified a relationship between CG
flash onset and the occurrence of 40 dBZ reaching —10°C
with cloud tops exceeding 9.5-km altitude. Michimoto
(1991) found that the first CG lightning discharge oc-
curred 5 min after 30 dBZ reached the —20°C level.
Hondl and Eilts (1994) found that, from 28 thunder-
storms in FL, a 10-dBZ echo near the freezing level is an
indicator of a developing thunderstorm. Vincent et al.
(2004) examined different sets of criteria for 50 thun-
derstorm cases from September 2001 to June 2002. They
concluded that a 40-dBZ echo at —10°C gives a 100%
probability of the detection of LI, with an average lead
time of 14.7 min. Yang and King (2010) indicated that
the best predictor for nowcasting the onset of CG
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lightning in Canada is a 40-dBZ echo at the —10°C level,
with an average lead time of 17 min. Similar to Hondl and
Eilts (1994), Seroka et al. (2012) examined summertime
lightning activity and found that the best index for CG
flash initiation is a 25-dBZ echo at —20°C, and 25 dBZ
at —15°C for intracloud (IC) flash initiation. Wolf (2007)
examined 1100 positive convective cells in radar data,
finding an average lead time to first lightning of 5-10 min.
The most comprehensive radar-based study (based on
sample size), Mosier et al. (2011; 67 000 positive con-
vective storm cells), determined an average lead time for
LI of 10-13 min.

Geostationary satellite data have shown their useful-
ness for nowcasting the development of severe storms
and estimating storm intensity with CG flash rates
(Goodman et al. 1988; Roohr and Vonder Haar 1994;
Roberts and Rutledge 2003). Mecikalski and Bedka
(2006) and Mecikalski et al. (2008) evaluated the be-
havior of eight GOES IR IFs, and defined threshold
values as precursors to 0—1-h CI (the first occurrence of
a =35-dBZ radar echo at the —10°C altitude; Browning
and Atlas 1965; Wilson and Schreiber 1986; Wilson et al.
1992). Mecikalski et al. (2010a,b) extended this work to
the Meteosat Second Generation (MSG), which offers
more spectral information than GOES, to more clearly
identify physical processes such as cloud-top glaciation,
an important proxy indicator for where the non-inductive
charging process may be occurring in cumulus clouds.
H10 represents a parallel effort to Mecikalski and Bedka
(2006), yet focuses on the use of 3.9-um reflectance from
GOES (in addition to other IR fields) to infer locations of
cumulus cloud with significant updrafts that are glaciating
at the cloud top (i.e., possess ongoing non-inductive
charging).

Given the typical time and evolution scales of con-
vective clouds undergoing CI and LI (=2 h), the re-
search presented in this paper differs from the extensive
work done using Tropical Rainfall Measuring Mission
(TRMM; e.g., Cecil and Zipser 2002; Liu et al. 2008)
data, which cannot consider 0-2-h time-evolution as-
pects of cumulus cloud development, yet which utilize
similar combinations of data (radar, lightning, and pas-
sive microwave remote sensing). A brief review shows
that many previous studies combined TRMM Precipita-
tion Radar (PR), Microwave Imager (TMI), and Lightning
Imaging Sensor (LIS) products to quantify relation-
ships between convective rainfall, cloud microphysics,
and electrification (Boccippio et al. 2000; Petersen and
Rutledge 2001; Cecil and Zipser 2002; Del Genio and
Kovari 2002; Petersen et al. 2002; Cecil et al. 2005; Liu
et al. 2008, 2010). Toracinta et al. (2002) observed a
higher probability of lightning in tropical continental
features than tropical oceanic features. They found
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that the lightning flash rate increases with decreasing
TRMM 85- and 37-GHz brightness temperatures (7'3)
and increasing midlevel PR Z. Petersen et al. (2005)
suggested the relationship between precipitation ice-
water path and lightning flash density, which indicates
that cloud electrification increases with ice mass. Katsanos
et al. (2007) found higher ratios of CG lightning to total
lightning activity for “colder” TRMM 85-GHz micro-
wave polarization corrected 7'z. They also found higher
mean and maximum Z profiles collocated with lightning
versus without lightning. Pessi and Businger (2009)
showed that Z in the mixed-phase region increases sig-
nificantly with lightning rate, while the lapse rate of Z
decreases. They noted that the heights of the echo tops
show a strong logarithmic correlation with lightning
rate. As noted, for the present study, one goal is to
identify similar relationships, but between cloud-top
IR observations collected from GOES together with
WSR-88D observations, using understood relationships
on how developing CI and LI events appear in each
dataset separately.

Radar studies, using dual-polarimetric (DP) tech-
niques for hydrometeor identification, have confirmed
key aspects of the Z-only studies. Total lightning is
highly correlated with the DP radar-inferred graupel/
hail volumes (Carey and Rutledge 1996), and graupel/
hail ice mass (Carey and Rutledge 2000). Deierling et al.
(2008) further demonstrated that the DP radar-inferred
ice mass flux explains most of the variability seen in the
total lightning flash rates. Woodard et al. (2012) recently
demonstrated that Z-only and DP-based radar tech-
niques for operational LI forecasting have very similar
performances. Although DP radar data were not avail-
able for this study, the consistency between other DP-
based and Z-only radar studies of lightning gives us
confidence in using Z observations for inferring key
microphysical processes relevant to LI. Ongoing re-
search, comparing DP radar- and satellite IR-inferred
physical trends for lightning and non-lightning storms,
will be presented in a follow-on paper.

Beyond a description of the data and processing
methodology in section 3, section 4 presents the main
results. The study’s findings are discussed, and conclu-
sions are presented, in section 5.

3. Data processing methodology

The three main datasets used in this study include
lightning observations from the Lightning Mapping
Array (LMA) network and 4D Lightning Surveillance
System (4DLSS), WSR-88D Z within the National Mo-
saic and Multisensor QPE (NMQ) dataset, and GOES-12
IR fields. Details on the LMA and GOES-12 IR field
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processing are found in H10, beyond what is described
below.

a. Lightning data and GOES interest fields

Central Oklahoma Lightning Mapping Array
(OKLMA) data were used to identify LI events for the
OK storms in the summer of 2009. The LMA is a me-
soscale network of Global Positioning System (GPS)
time-of-arrival sensors that detect very high-frequency
(VHF) signals (Krehbiel et al. 2000). The array spans
60 km X 80 km horizontally to detect time and three-
dimensional (3D) spatial locations of lightning sources.
The OKLMA has 11 GPS VHF receivers south and west
of Oklahoma City to sense lightning source radiation in
the 54-88-MHz range. The LMA flash-grouping algo-
rithm, developed at the National Space Science Tech-
nology Center at the University of Alabama in Huntsville
(McCaul et al. 2009), was used to compute the time,
latitude, longitude, and altitude of the initiation point of
flashes. The 4DLSS data at the Kennedy Space Center
(KSC) are used to examine lightning activity for the FL
storms. The 4DLSS includes both a CG and a total cloud
lightning (combined cloud-to-cloud, cloud-to-air, CG
and IC lightning) sensor array. The 4DLSS data were
processed and obtained from the National Aeronautics
and Space Administration (NASA). The 4DLSS array
also uses VHF and time-of-arrival techniques to locate
lightning sources. The array has 9 VHF sensors in the
60-66-MHz range distributed across a 45 km X 65 km
horizontal coverage area. The 4DLSS data are clustered
using the Nelson (2002) flash-grouping algorithm, as
refined by Murphy et al. (2008).

A valid “flash,” in both the OKLMA and 4DLSS
datasets, is defined as a lightning flash that has at least
four sources. In many past studies, LI is often defined as
the first CG flash, largely due to the data availability
(Gremillion and Orville 1999; Vincent et al. 2004; Mosier
et al. 2011). In this study, as the total lightning data were
collected, LIis defined as the time of the first flash, which
could be either IC, cloud-to-cloud, cloud-to-air, or CG.
Hence, the use of the OKLMA and the 4DLSS data
enable us to examine the total lightning activity and to
make a more accurate and complete inspection of the
lightning initiation process (Steiger et al. 2007a,b). Ex-
amination of total lightning (including CG and IC
flashes) not only benefits the understanding of the ki-
nematic and microphysical processes related to lightning
activity but also has practical applications in lightning
warning product development especially for aviation
operations.

The GOES-12 imagery was aligned with the OKLMA
and 4DLSS lightning data to find potential LI events
through subjective comparison and selection. GOES
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data from four channels were examined: 3.9, 6.5, 10.7,
and 13.3 um. The IR imagery has a resolution of 8 km
for the 13.3-um channel and 4 km for all other channels
(Menzel and Purdom 1994). H10 (see also Mecikalski
and Bedka 2006) explored the physical attributes of
growing cumulus clouds for LI with 10 IR IFs: the
10.7-um Tpg, the 15-min 10.7-um Tp trend, the 6.5—
10.7-um Ty difference, the 15-min 6.5-10.7-um Tp
difference trend, the 3.9-10.7-um Tz difference, the
15-min 3.9-10.7-um Ty difference trend, the 13.3-
10.7-um Tp difference, the 15-min 13.3-10.7-um Tp
difference trend, the 3.9-um reflectance, and the 15-min
3.9-um reflectance trend. Table 1 summarizes the phys-
ical characteristics of the IFs that were employed in
H10. Although only 8 of the 10 IFs were found to con-
tain unique information for LI prediction (e.g., the
15-min 3.9-10.7-pum trend and the 3.9-um reflectance
trend fields contained little unique information),
this study evaluated all 10 IFs in light of the CFAD
analysis.

GOES typically has a 15-min time collection interval,
and events were tracked from 60 min in advance of LI
to 15 min after LI. Therefore, GOES IFs at 60 min
(=60 min), 45 min (—45 min), 30 min (=30 min), 15 min
(=15 min) before LI, at the time of LI (LI), and at 15 min
after LI (+15 min) are used. For each LI event, a storm’s
coldest 10.7-um T is tracked over 75 min as a means of
focusing on the main updraft in a developing cumulus
(cumulonimbus) cloud.

b. Radar data

The 3D mosaic Z fields from the NMQ system (Zhang
et al. 2006, 2011) were obtained from the National Se-
vere Storms Laboratory (NSSL). The 3D Z field is a
seamless high-resolution national radar mosaic devel-
oped from ~140 WSR-88D radars in the continental
United States and 31 C-band weather radars in southern
Canada. The NMQ grid covers the region from 20°-55°N
to 130°-60°W, with a constant horizontal resolution of
1 km X 1 km, updated every 5 min. The Z data have 31
vertical levels from 500 m to 18 km above mean sea
level (MSL). The vertical resolution is 0.25 km below
3 km MSL, 0.5 km between 3 and 9 km MSL, and 1 km
above 9 km MSL. The potential LI cases identified from
the GOES-12 IR and lightning fields were tracked
manually in Z images to collocate each storm with the
corresponding one observed from the satellite observa-
tion. The NMQ Z were examined every 15 min near the
satellite observational time. Since the GOES data only
examine the ~100-m-thick cloud-top layer, valid LI cases
are narrowed down to those that can be clearly tracked in
both radar and IR data without interactions with neigh-
boring storms.
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TABLE 2. Times (UTC) and dates of Oklahoma (OK) and Florida
(FL) storms.

Date No. of storms and times of LI

Oklahoma 25 May 2009 [1]1753

27 Jun 2009 [1] 2141

30 Jun 2009 [6] 1954, 1956, 2023, 2040, 2033, 2055

1 Jul 2009 [9] 2055, 2101, 2132, 2222, 2223,

2242, 2300, 2309, 2332

16 Jul 2009 [5] 1903, 1935, 2014, 2052, 2059

10 Aug 2009 [1] 1959
Florida 2 Jun 2009 [5] 1512, 1543, 1615, 1654, 1729

15 Jun 2009 [4] 1737, 1738, 1844, 2000

26 Jun 2009 [4] 1450, 1600, 1658, 1741

12 Jul 2009 [4] 1942, 2013, 2014, 2208

18 Jul 2009 [3] 1635, 1703, 1712

29 Jul 2009 [3] 1728, 1939, 2029

30 Jul 2009 [4] 1613, 1842, 1829, 1927

19 Aug 2009 [4] 1401, 1553, 1554, 1728

21 Aug 2009 [4] 1645, 1705, 1753, 1814

23 Aug 2009 [1] 1638

c. Case selection

As detailed in H10, summertime lightning—producing
storms from May to August 2009 were examined for
potential cases. Good lightning observations are limited
to locations within 100-150 km from the OKLMA and
4DLSS array centers because the accuracy and effi-
ciency of flash detection decreases with distance. Since
GOES-12 3.9-um reflectance will be most usable when
the solar zenith angle is =68° (Lindsey et al. 2006), LI
cases occurring between 1351 and 2315 UTC in OK and
between 1242 and 2208 UTC in FL were evaluated.
Storms overlaid by cirrus clouds were removed because
even thin cirrus above cumulus clouds produce unrep-
resentative colder cloud-top Tz values, degrading the
properties that can be estimated from the GOES data.
Next, the LI events selected from GOES-12 imagery
were tracked manually in radar Z fields. Radar Z images
were used to remove the cases that developed from,
mixed with, or merged into nearby preexisting storms.
Also, when storms move within 30 km of a radar site, Z
might be underestimated as part of a storm will be in the
radar’s ‘“‘cone of silence.” Therefore, these cases were
eliminated. In the end, a total of 36 LI events in FL and
23 in OK were identified. Table 2 lists the dates of the FL
and OK storms with the times of LI

d. Contoured frequency by altitude diagram
formation

The CFAD is a contour plot displaying the frequency
distribution of Z in an area of detectable echoes at each
height. Many studies (e.g., Wang and Carey 2005; Cecil
2011) show that the CFAD is a convenient tool to ex-
amine the characteristics of storms, especially for their
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temporal evolution. Here, CFADs are calculated ac-
cording to Yuter and Houze (1995). The creation of a
CFAD begins with a histogram calculation using a con-
stant Z bin width within a constant vertical volume.
Here, the Z bin width is set as 4 dBZ and the vertical
interval is 0.5 km. Then the histograms are normalized
with the total number of points at each vertical level, and
the results are multiplied by 100 to present the fraction
as a percentage value. The CFAD ignores the horizontal
echo structure and summarizes the frequency distribu-
tion information in a 2D plot. The line labels, within
a given CFAD shown here, are the percentage fraction
of the frequency Z distribution per level (dBZ ' km ™).
In this study, a CFAD for each individual storm was first
calculated, and then the average of the CFADs for all
FL and OK storms were compared at the defined times
(=60, —45, =30, —15, 0, and +15 min). These averaged
per time CFAD analyses will show the evolution of the
statistical characteristics of the LI events from a radar
perspective, to correspond to the GOES-12 datasets,
and at the same time will be done in way that statistically
compares FL and OK LI events.

e. Rapid Update Cycle model soundings

To address the differences in the CFAD and GOES IF
datasets between FL and OK, ‘‘representative” af-
ternoon (0000 UTC) soundings were studied to obtain
a clearer view of cloud processes that contributed to
LI. Parameters considered include precipitable water
(PW), boundary layer depth, lifted condensation level
(LCL), level of free convection (LFC), freezing level
(FRZLVL), convective inhibition (CIN), and mean layer
convective available potential energy (CAPE) as a mea-
sure of instability. Soundings were collected from 13-km
resolution Rapid Update Cycle (RUC) initialization
(0-h analyses) grids since the sparse radiosonde network
often failed to capture temperature and moisture pro-
files near the LI events. The General Meteorological
Package (GEMPAK; desJardins et al. 1991) nsharp
application was used to analyze the RUC data. For ex-
ample, the 0000 UTC sounding at Oklahoma City, OK,
was often located to the west of the main surface mois-
ture that supported thunderstorm development, and
hence did not relate to the prestorm environment very
well. Sounding data are useful for gaining insight into
some of the signals seen in the satellite observations,
particularly those related to 1) updraft widths as a
function of boundary layer depth, 2) updraft velocities
related to instability or CAPE values, 3) updraft hy-
drometeor characteristics related to CAPE and PW, and
4) confirmation of warm rain processes at early stages in
cloud development, especially over FL (as noted above)
related to LCL and FRZLVL.
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f. Statistical significance testing

All results are shown in a manner that facilitates easy
comparison between FL and OK events, specifically,
with both locations shown side-by-side per time. To
quantify statistical significance, and to increase the value
of the interpreted results, comparisons of Z and IR IFs
are shown in “‘box and whiskers” or box plots (Wilks
2011, 29-33), which qualitatively assess each field’s
uniqueness per 15-min interval. Each box plot has a
notched box representing the middle 50%, or inter-
quartile range (IQR), of the data. Higher spread, and
therefore higher data variability, is associated with
a larger IQR. The horizontal line in the notch’s center
represents the median value. The vertical dashed lines
on either side of the IQR (the whiskers) represent
~99% of a distribution from whisker to whisker (top
and bottom horizontal lines). Any open circles beyond
the whiskers signify outlier data points. Importantly, the
notch within each box plot’s IQR represents a visual
statistical significance test. Notch overlap verifies whether
each dataset (for a given time) is (or is not) significantly
different than another at the & = 0.05 significance level.
As the most common « threshold, the 5% test level al-
lows one to accept that the notch-overlap hypothesis
test is incorrectly assessing the results =5% of the time.
If the notches do not overlap (e.g., the 10.7-um T at
—15 min, FL vs OK) then the two datasets are deemed
significantly different at the 95% confidence level.

4. Results
a. CFADs and radar reflectivity in OK and FL

Figure 1 shows that the FL storms possess larger Z
values overall, suggesting that they contain more mois-
ture (in terms of precipitation water and ice volumes)
than the OK storms before and at LI. At LI, the CFAD
of 40 dBZ at the low troposphere (below the 3-km level)
reaches 2.5% dBZ ' km™! for FL storms, which is
higher than that for OK storms (Fig. 1b). Also, by LI the
echo tops are around 18 km for the FL storms, com-
pared to 15 km in OK. The echo top in our analysis is
defined as the uppermost height of the 18-dBZ echo (in
the NMQ data). The mean Z is around 24 dBZ in low- to
midtroposphere levels of FL cases at the LI time, which
is 4 dBZ higher than that for the OK cases. Overall, FL.
storms show a sharper decrease in mean Z (red line)
from 3-10 km than OK events, indicating a larger frac-
tion of higher low-level Z.

The FL storms develop earlier but possess steadier or
slower development rates when compared to the OK
storms. Despite slow initial growth before —30 min,
the OK storms show faster echo-top growth, and hence
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more explosive intensity changes, with development
instead concentrated within the last 30 min before LI
Specifically, a strong echo convective core (30-40 dBZ
at 2-4-km altitude, on average) in FL storms is already
found in the —45- and —30-min time frame. The echo
top in CFAD:s of the FL storms reaches 15 km at —45 min,
whereas the OK storms do not exceed 15 km until LL
The occurrence of 40 dBZ in FL storms reaches
1% dBZ ' km ™! at low- to midtroposphere at —30 min,
while for OK storms, the occurrence of 40 dBZ does not
reach 1% dBZ ' km ™' until LI. The maximum of mean-Z
profile is near 15 dBZ at —45 min for the FL storms, while
in comparison, the maximum of mean Z reaches only
12 dBZ at —15 min in OK storms. Again, this implies
that the OK storms have more rapid development, mainly
within the 30 min before LI. At LI, the difference in high
Z (>30 dBZ) at upper levels between the FL. and OK
cases is much smaller than that at —45, —30, or —15 min.

The shape of the CFAD profiles offers additional in-
formation on storm structure. In FL, from —30 to
—15 min, a larger percentage (>7.5% dBZ ! km ') of
7-15-dBZ values are seen below 5 km (below the freez-
ing level), oriented with a positive slope, which implies
the presence of small raindrops reaching to low altitude.
These patterns are not seen in OK, which is in a drier
environment (i.e., evaporation of small hydrometers)
with higher cloud bases. The core of maximum Z fre-
quency is mainly vertically aligned above 5 km in both
the FL and OK storms, reaching maximum values of
10%-12% dBZ ' km™'. However, in stark contrast to
FL events, this vertical alignment switches to a negative
slope in the OK storms from ~10.5 to near 15 km
(reaching maximum values >15% dBZ ' km™! at
12.5 km), which indicates the presence of a large amount
of small ice particles at cloud top. More discussion on
the relevance of this small ice at cloud top will be given
below related to GOES-12 IF interpretation.

The slope of the tails of the CFADs (i.e., 2.5%
dBZ ' km ! and 1% dBZ ' km ! lines in Fig. 1) just
prior to LI (=15 to LI) are noticeably different in OK
and FL from the freezing level up through the mixed
phase zone at midlevels (4.5-8 km). The tails of the OK
CFAD are more vertical than FL, or possess a slower
drop off of the tail in the OK Z distribution with height
through the mixed phase zone. In contrast, the tails of
the FL Z distribution decrease more rapidly from the
freezing level up to 8 km. The Z drop off with height is
again suggestive of a more dominant warm rain and asso-
ciated coalescence—freezing process in FL for the genera-
tion of precipitation-sized ice. Additionally, the difference
in the slope of the tails, of the CFADs at midlevels just prior
to and including LI, also suggests a more rapid and robust
riming and hail production process at midlevels in OK.
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Figure 2 again shows that OK storms develop much
more in the 30 min before LI, as compared to the FL.
events. The maximum Z of OK storms increases from
6 dB~Z at —30 min to 20 dBZ at —15 min, and to 44 dBZ
at LI. The FL storms show a slower increase of maxi-
mum Z from 35 dBZ at —30 min to 45 dBZ at —15 min,
then to 52 dBZ at LI. Despite the more rapid growth in
OK, when LI occurs the FL storms have a stronger
maximum Z than the OK cases (51 vs 44 dBZ), and a
sharper decrease of Z from 5-8 km This suggests weaker
updrafts in FL versus in OK storms (see Zipser and Lutz
1994). After LI, the Z maximum in OK exceeds that in
FL, suggesting the presence of hail.

The results in Fig. 3 corroborate those in Figs. 1a,b
showing that only smaller, less rapidly developing cu-
mulus clouds possessing small-sized (<10 um; unde-
tectable by S-band WSR-88D radar) drops, dominate
conditions at —60 to —15 min in OK. In FL, a lower
percentage of 0-5-dBZ echoes compared to in OK at
—60 min suggest the presence of small clouds. However,
these FL clouds quickly come to be filled with larger
drops by —45 min and beyond (higher Z values), and the
early development of warm rain processes (Nelson 1971;
Ogura and Takahash 1973; Lau and Wu 2003). These
result do not provide insight into why hydrometeor sizes
remain low in OK clouds, which could be the result of
very few clouds, high aerosol contents that keep hy-
drometeors small (e.g., Khain et al. 2005), or stronger
updrafts and short growth periods for in-cloud particles
(Rosenfeld and Lensky 1998). More will be said on this
topic when environmental and stability parameters are
analyzed. By —15 to +15 min, the frequency plots begin
to look similar, which compares well to the CFADs (Fig.
1), especially at LI and +15 min.

Like Fig. 3, Figs. 4a—c show that FL and OK growing
cumulus clouds are quite different until the time of LI and
at +15 min, when the distributions of radar-derived pa-
rameters overlap. Specifically, the box-and-whiskers plot
overlap at these two times for echo top (Fig. 4a) and
maximum height of the 30-dBZ echo (Fig. 4c), confirming
they are statistically similar datasets. The maximum Z
field (Fig. 4b) is only similar in FL and OK at +15 min.

b. GOES interest field variability

These radar results are next considered in light of
GOES cloud-top IR fields, focusing on physical processes,
while comparing the FL and OK events. The behavior in
the GOES IFs, as a function of time between FL and
OK, are shown in Figs. 5a-d and 6a—f, with box-and-
whiskers plots used to establish statistical significance of
dataset differences.

The 10.7-um Ty (Fig. 5a) and its time trend (i.e.,
‘“cloud-top cooling rates’’; Fig. 6a) provide good
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percentage fraction of the frequency reflectivity distribution per level. See text for interpretation.

information toward understanding the processes related
to LI occurring within OK and FL events. Cloud growth
in OK is indicated to be more rapid compared to FL
between —60 and —15 min. Median cloud-top cooling

rates in OK were between —5°C (15 min) ' and —10°C
(15 min) !, versus —3°C (15 min) ' and —8°C (15 min) !
in FL. The FL storms developed to a higher altitude
overall, as confirmed by lower values of 10.7-um Tp,
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and by the CFADs (Fig. 1). Notch overlap in the 10.7-um
Tg fields occurs at —30 min, at LI, and at +15 min,
pointing to significantly different cloud depths in ad-
vance of LI between the storms over the two locations.
The distributions of cloud growth rates are similar

between FL and OK, however, the wider box sizes in
OK suggest a tendency for more rapid growth at and
before —45 min. The gradual widening of boxes in FL.
over time, from —45 to +15 min (Fig. 6a), points to
clouds being in various growth stages, which is not seen



64

Height (km)

50 60

10

20 30 40
Max Reflectivity (dBZ)

MONTHLY WEATHER REVIEW

VOLUME 141
(b) OK
i — +15min
16 15min g
b 30min
141 45min 7]
i 60min
12| ]
E
< 107 ]
e [
i)
:0E> 8
6/ ]
4§ ]
2} .
10 20 30 40 50 60

Max Reflectivity (dBZ)

FIG. 2. Maximum reflectivity profiles, every 15 min from —60 min to +15 min, for (a) 36 storms in FL and (b) 23
storms in OK.

in OK. Decreased magnitudes of cloud-top cooling rates
after LI in both FL and OK suggest slowing updrafts and
anvil development.

Though substantial-to-total notch overlap over the
entire period suggests that this field is invariant between
regions, differences in spread exist. With higher mois-
ture contents in FL compared to OK (see section 4c),
preexisting warm cumulus clouds are generally devel-
oping steadily in FL, as seen by overall less variability in
the 6.5-10.7-um difference field and its trend (Figs. Sb
and 6b) between —60 and —30 min. Lesser variability in
the 6.5-10.7-um channel difference in FL occurs be-
cause the 6.5-um channel weighting function is mostly
above the cloud top (i.e., lower clouds). Specifically, in
the presence of higher water vapor (higher PW), the
height of the 6.5-um weighting function is displaced
upward, leading to less response in the 6.5-um Tp
until clouds achieve depths into the midtroposphere,
above ~600 hPa (Menzel and Purdom 1994). In OK,
the 6.5-10.7-um difference and its trend also indicate
that between —60 and —30 min there are fewer signals
of active growing cumulus clouds, while clouds are
more consistently present in the following 15 min to-
ward LI. A drier environment in OK, coupled to more
rapid cloud development, should also lead to more
variability in the 6.5-10.7-um difference. This is be-
cause the cumulus clouds are more often observed in the
6.5-um channel where they are less obscured by the low-
level water vapor.

The IFs indicative of early cumulus cloud devel-
opment (13.3-10.7 um, Fig. 5c; 3.9-10.7 um, Fig. 5d)
exhibit large similarity between FL and OK, with the
distributions of both fields laying mostly on top each
other, while the 3.9-10.7-um difference has a slightly
wider spread. The 13.3-10.7-um differences approach
zero and become negative by +15 min, indicating anvil
formation, with positive differences otherwise. The trend
toward wider box sizes in the 3.9-10.7-um difference, in
FL more than in OK, suggests that clouds are increasing
in altitude and size, as expected. The time trends of both
fields (Figs. 6¢,d), related to cloud growth rates as channel
weighting functions (and hence, channel 7zs), become
juxtaposed at high altitudes near cloud tops (Mecikalski
and Bedka 2006; H10).

With few IR channels, the main glaciation indicators
on GOES-12 are the 3.9-um reflectance and its trend
(Figs. 6e,f). Cloud-top glaciation as determined from
3.9-um reflectance is a function of view angle and par-
ticle size. With view angles (also a function of zenith
angle) being =50° in both OK and FL, <9% reflectance
is the threshold we will use to infer glaciation (Lindsey
et al. 2006, see their Fig. 5). Consideration of the 10.7-um
Tp field (Fig. 5a) and cloud-top cooling rates (Fig. 6a)
together with the 3.9-um reflectance shows that rapid
cloud development upon glaciation occurs over FL at
the time of LI, suggesting that the influence of the latent
heat of fusion is noticeable (freezing of a large amount
of water drops to increases vertical motion), as large
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Reflectivity values in the 0-5-dBZ bin are indicative of “‘clear air,”

non-precipitation returns, and are shown to

highlight the absence of in-cloud hydrometeors or detectable precipitation.

amounts of rain droplets are lofted well above the
freezing level by the main updraft. This is seen as the
mean 10.7-um cooling rates sharply decrease in FL to
—18°C (15 min) " at LI [cf. —16°C (15 min) ' in OK].
At this threshold, cloud tops were mostly glaciated in FL.
by —15 min, and at LI in OK. If the warm rain process is
dominant in FL, as the CFAD results suggest, then the
water hydrometeors between —60 to —15 min in FL
would be lofted, become supercooled, and/or freeze into
graupel and hail particles in the mixed-phase layer. The
presumption is that these larger particles then contrib-
ute substantially to the charging process, if they are

imbedded in the main updraft, which possibly explains
why LI occurs later in the FL storms relative to the ap-
pearance of significant radar echoes. In both regions,
cloud growth slows after LI, yet may be more rapid in
OK, as the implied stronger updrafts in OK reach an
equilibrium level sooner than in FL, while the FL storms
in fact achieve higher heights. A discussion on how parcel
instability is related to these results is presented below.
One of the interesting aspects is that the 3.9-um re-
flectance is higher in OK events in advance of LI. While
higher in OK, since view angles were <68° for both lo-
cations for all LI events, with all things being equal, the
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percentage differences in 3.9-um reflectance for glaci-
ated clouds between OK and FL should not be more
than 2% (Lindsey et al. 2006). In this light, the 3.9-um
reflectance results suggest that 1) the presence of smaller
particles and hence stronger and/or cooler/drier up-
drafts in OK, where hydrometeors have less time to
grow before an updraft reaches the tropopause, results
in an abundance of small particles at cloud top leading to
higher reflectance. In effect, the small particles in OK
freeze later at colder temperatures within stronger up-
drafts, in light of Rosenfeld and Woodley (2000) and
Rosenfeld et al. (2008). 2) Larger particles near cloud
top in FL produce lower reflectance in contrast. 3) Cloud
development and updraft strengths from storm to storm

appear more varied in OK, given larger variability
(wider box sizes) in 3.9-um reflectance data, which is
consistent with other trend fields. Also, 4) FL events
may possess well-defined anvils with widespread glaci-
ation at LI compared to in OK, as indicated by the very
small box sizes (small storm-to-storm variability) from
LIto +15 min in FL versus in OK. Therefore, the presence
of an anvil in advance of LI may be important infor-
mation when forecasting first-flash LI in FL. Further-
more, OK storms may have anvils still partly composed
of unfrozen hydrometeors, as just discussed, and more
overshooting tops (Rosenfeld and Woodley 2000). Re-
ferring to point 3, another interpretation of the wider
distribution of 3.9-um reflectance in OK is the presence
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of smaller clouds in the —60- to —15-min period, and
hence more influence from surface temperatures within
this channel (Ellrod 1995).

Despite the significant differences in the 3.9-um re-
flectance, the 3.9-um reflectance trends (Fig. 6f) share
similar patterns between —60 and +15 min in both lo-
cations, where again, more variability is seen in OK
between —60 and —15 min suggesting cumulus clouds in
stages of rapid growth, or smaller clouds, in advance of
LI. Finally, the local minimum in the IQR of 3.9-um
reflectance trend between —30 and —15 min at both
locations (as discussed in H10) is also prevalent, sug-
gesting that this may also be a strong forecast indicator
of first-flash LI

The GOES-observed storm area increases steadily
within the last 30 min before LI for both regions (Fig. 7).
The OK storms have larger median values of both storm
area and the 15-min upward trend in storm area than FL.
storms. Storm area is defined as GOES-12 pixels with
10.7-um Ty values <273 K. The OK and FL distribu-
tions are statistically similar given notch overlap through
the period for both fields in Fig. 7. One possible expla-
nation for the larger post-LI storm sizes in OK is the
development of wider updrafts and more explosive cloud
growth (within a deeper boundary layer with larger

instability), which is consistent with the 3.9-um re-
flectance and CFAD results. In contrast, the lower mean
values of storm area and the 15-min upward trend in
storm area in FL suggest that these storms possess slow
growth rates with lower magnitudes of anvil-level mass
divergence and weaker vertical motions up to the —15-
min time.

c. Environmental factors

Table 3 lists the RUC sounding parameters averaged
over all storm days. As expected, PW values are mark-
edly higher over FL as compared to OK, reaching ~56 mm
and with a median value of 52.8 mm. This supports the
occurrence of a significant large hydrometeor volume
and an early warm rain phase in the developing cumulus
clouds analyzed, as confirmed by early stage (—60 to
—30 min) signatures of the echo top (Fig. 4a), maximum
Z (Fig. 4b), and maximum 30-dBZ height (Fig. 4c). These
signatures were generally not seen over OK, within
the drier environments (PW values ranging from 35.6—
50.6 mm). The LCL and LFC values vary substantially
between the two locations, being mainly <1600 m over
FL. Over OK, maximum LCL values approach twice
that value, and LFCs are similarly much larger. The
deeper subcloud/boundary layer supports the likely
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occurrence of wider updrafts in the OK convective
storms, which would lead to stronger signals in the IR
fields (as ~4 km X 4 km GOES pixels will be more filled
with cumulus clouds), and that CI and LI would occur
sooner, relative to the “‘towering cumulus” stage of
storm development, given the presence of a robust in-
cloud charging process. Wider updrafts imply less lat-
eral entrainment mixing into a central updraft core, more
CAPE realization in terms of updraft strength, and a
lofting of larger amounts of hydrometeors, with the
implication that storm development is more rapid
(Browning 1964, 1965; Goldman 1968; Warner 1970).

These factors support the CFAD and GOES IF obser-
vations of more rapid in-cloud precipitation echo field
and convective cloud developments in OK.

Larger CAPE values in OK also support a more rapid
storm development. No significant differences are noted
in the FRZLVL or in the mean CIN values, between the
two locations, which suggests that the differing rates of
storm (radar echo) development, and differences in the
3.9-um reflectance signals for glaciation, are not signif-
icantly influenced by FRZLVL or CIN, respectively.
Yet, the distribution of CIN (Fig. 8) shows more nega-
tive values in OK, which would have the effect of
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delaying storm initiation, pointing to more explosive precipitation processes are promoted in the two regions.
growth as a capping inversion is removed late in the day. The depth of warm cloud layer, the volume between
The vastly different LCL heights between FL and OK, LCL and FRZLVL (“FRZLVL-LCL”), would average
with similar FRZLVL altitudes, suggest that different 3621 m for FL and 2256 m for OK. The significantly

TABLE 3. Stability parameters from the Rapid Update Cycle model 0-h analysis fields in the region of thunderstorm development at
0000 UTC. The 0000 UTC sounding is analyzed because it is ““afternoon” for the days studied (e.g., 0000 UTC 3 Jun applies to the
afternoon of 2 Jun). All days, for the lightning initiation events analyzed in this study, are in 2009. Here, “Lat” is latitude, “Lon” is
longitude, “LCL” is lifted condensation level, “LFC” is level of free convection, “CBL” is convective boundary layer, “PW”’ is pre-
cipitable water, “CAPE” is mean layer convective available potential energy (J kg™ ), “CIN” is convective inhibition (J kg™ '), and
“FRZLVL” is freezing level. All other units are shown. See Fig. 8 for graphical comparisons.

FL Lat (°) Lon (°) LCL (m) LFC (m) CBL Depth (m) PW (mm) CAPE CIN FRZLVL (m)

2 Jun 28.53 —80.74 743 838 1043 34.54 1392 0 4162
15 Jun 28.51 —81.12 1658 1941 1063 54.36 828 -4 4553
26 Jun 28.87 —81.17 620 2485 1545 52.07 885 =79 4607
12 Jul 28.28 —80.95 963 1417 1631 51.82 1322 —4 4552
18 Jul 28.48 —81.04 521 1414 1522 43.69 1347 =22 4478
29 Jul 28.55 —81.00 1244 1344 1497 54.36 2371 0 4583
30 Jul 28.61 —81.16 1236 1936 1335 56.39 1005 =10 4659
19 Aug 28.38 —81.00 682 1416 1069 50.04 1065 =7 4911
21 Aug 28.31 —81.22 935 1936 1130 53.09 2055 -13 4523
23 Aug 28.75 —81.09 734 1418 1331 53.34 2308 =7 4525
Avg 934 1615 1317 50.4 1458 =15 4555
OK

25 May 35.09 —96.50 1391 1470 1824 35.56 2392 0 3988
27 Jun 35.01 -97.20 2264 2544 2546 36.58 2589 -4 5110
30 Jun 34.34 —96.92 2171 3103 4025 34.54 1484 —24 4338
1Jul 34.44 —96.42 1780 2183 1538 45.47 3042 -6 4416
16 Jul 34.99 —97.01 871 2514 1594 50.55 2732 —106 4732
10 Aug 35.15 —97.07 1584 1969 2992 48.77 2832 =7 4736

Avg 1677 2297 2420 41.9 2512 —21 4553
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FIG. 8. Box-and-whiskers plots showing the distribution of environmental variable for FL
(red) and OK (blue) on days when the LI events were analyzed. See Table 3 for a description of
the labeled variables, and see the text for a discussion.

larger volume of warm cloud (60.5% greater, with a
lower LCL) in FL is more conducive to warm rain pro-
duction, consistent with the CFAD analysis. In com-
parison, stronger and more explosive growing updrafts
in OK storms give limited time for condensation and
coalescence growth. Combined with a shallower warm
cloud layer, much less warm rain is produced in OK
storms, with the opposite occurring in the FL LI events.

5. Discussion and conclusions

The forecast of the onset of lightning within convec-
tive clouds remains a challenging problem. Because of
the involvement of small-scale lightning charging pro-
cesses, the average lead time for LI is about 10-20 min
(Yang and King 2010; Mosier et al. 2011) when radar Z
data are used alone, and can be up to ~1 h in some cases
when GOES IF indicators are used independently (H10).
As a follow-up to H10, this study examines GOES IR
IFs in concert with radar Z datasets for LI events, from
60 min in advance of LI to 15 min after LI, as a means
of increasing understanding of satellite-radar relation-
ships, and developing a more solid predictive capability
for the first-flash LI. Another purpose is enhancing un-
derstanding of in-cloud physical processes when time
series of Z and IR satellite data are analyzed coinci-
dently in advance of LI for newly growing convective
storms. Lightning-producing thunderstorms in two dif-
ferent geographical regions (36 in FL and 23 in OK)
during the 2009 summer are analyzed in CFADs using
3D NMQ Z data, 10 GOES-12 IR IFs, RUC model

sounding-based moisture/PW, and boundary layer and
thermodynamic variables. The CFADs are developed
following studies of Wang and Carey (2005) and Cecil
(2011).

Radar CFAD coupled to GOES IF analyses indicate
that the characteristics of OK storms differ significantly
from the FL storms. Overall, the main results are sum-
marized as follows:

1) It takes a longer time to prepare and grow the large
ice in the mixed layer hydrometeor field in lightning-
active FL storms, beginning with a dominant “warm
rain” process in FL. The presumption, based on pre-
vious research (Jameson et al. 1996; Ramachandran
et al. 1996; Bringi et al. 1997) and as observed here,
is that the 1-5-km altitude warm rain in FL is sub-
sequently lofted to become a larger portion of the
mixed-phase region of the cloud, where these particles
freeze and then participate in the charging process. A
deep warm layer (i.e., FRZLVL-LCL depths) sup-
ports an active warm rain process in FL, averaging
3621 m in FL versus only 2256 m in OK.

The OK storms develop more abruptly before LI.
Rapid growth is found at both locations at the LI
time. Without the warm rain process being consis-
tently active in OK, the analysis suggests that the
main updrafts in OK are wider and drier, and hence
mixed-phase hydrometeor fields form later and more
abruptly above the FRZLVL altitude, beginning
only ~30 min in advance of LI. We infer that, from
the freezing of large hydrometeor volumes in the

2)
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more moist FL storms, the latent heat of fusion con-
tributes significantly to updraft strengths in the —15 min
to LI time frame.

3) From the GOES-12 IFs, the faster cloud growth over
OK between —60 and —15 min, as seen in the 10.7-um
Tg cooling rate and 3.9-um reflectance trend (and
to some extent the 6.5-10.7-um trend) fields, is con-
sistent with the higher CAPE values in this location
(averaging 2512 in OK vs 1458 in FL). As noted,
there appears to be an updraft-strength-related sig-
nature in FL associated with the freezing of the large
amount of hydrometeors, beginning within the last
15 min before LI, which is also seen in the 6.5-10.7-um
trend field.

4) The lower PW and higher CAPE values in OK are
accompanied by higher 3.9-um reflectance in the pre-
LI clouds, where the associated relationship is that
stronger and slightly drier updrafts produce a greater
abundance of small particles that freeze later, keep-
ing the cloud-top reflectance higher than FL (where
PW values are higher and CAPE values are lower);
the caveat here is that reflectance may be ~2% larger
in OK compared to FL simply because of larger view
angles in OK (Lindsey et al. 2006), along the lines of
Rosenfeld et al. (2008) and Lensky and Rosenfeld
(2008). CFAD fields in OK at +15 min are consistent
with the presence of large percentage fractions of
small ice particles in the 10.5- to ~15-km layer,
unlike in FL.

5) From GOES-12 and CFAD data, clouds in the —60-
to —30-min period over OK are far less developed,
also in terms of their hydrometeor (Z) fields, which is
reflected as more variability (i.e., wider box sizes)
than over FL (e.g., in the 6.5-10.7-um difference, in
the 13.3-10.7-um difference, and 3.9-um reflectance).

6) The 3.9-10.7-um difference, and the 15-min 13.3-
10.7-pm and 3.9-10.7-um time trends appear to pro-
vide little unique information for discerning physical
process differences between OK and FL, all showing
similarly consistent patterns associated with growing
cumulus clouds. H10 noted that the 15-min 3.9-
10.7-pm trend did not provide much unique infor-
mation when nowcasting LI. However, similar to
H10, the 3.9-um reflectance trend does show a subtle
decrease—increase signature in the —30 min to LI
time frame, which may have forecast value when
nowcasting LI, yet this local minimum may not be
statistically significant (robust) given notch overlap
between —15 and +15 min in Fig. 6f.

Related to points 1-4, the signatures seen in the
GOES and CFAD Z fields are consistent with the results
presented in Rosenfeld and Lensky (1998), Khain et al.
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(2001), and to some extent Khain et al. (2005), in which
updraft strengths directly influence hydrometeor parti-
cle sizes, and therefore cloud-top signatures observed by
geostationary satellite imagery (GOES, in particular).
Particle growth rates and sizes are a function of time
spent within low-altitude portions of clouds where mois-
ture contents are the highest. An inverse relationship
is found between updraft strength (e.g., measured in
15 min 10.7-um and 6.5-10.7-um trends) and particle
sizes, which are subsequently linked to instability (CAPE
as related to vertical motion). Small ice particles at the
cloud top produce relatively high 3.9-um reflectance,
and vice versa. The depth of the >0°C layer in clouds
may complicate these updraft strength—particle size re-
lationships by regulating how rapidly particles grow at
low levels (below the FRZLVL) if the updrafts are
strong. Yet, between FL and OK, the effects on regulat-
ing particle sizes are magnified as slower-updraft storms
in FL growing in lower CAPE environments are also
subject to robust warm rain processes (autoconversion,
collection; e.g., Kessler 1969), further increasing particle
sizes.

In terms of forecasting the occurrence of the first
lightning flash (of any kind, whether IC, CG, cloud-to-
air, or cloud-to-cloud), this study offers new insights.
From our analysis, and as a follow-on to H10, the time
elapsed for LI occurrence, in conjunction with CI or
after, is on the order of 30-60 min for FL storms, whereas
it may be only 10-15 min for OK storms, regardless of
whether radar and/or satellite fields are evaluated (al-
beit satellite dataset provide the longest forecast lead
times). As strong radar echoes need to be present to be
used as a predictor of LI in most current studies (e.g.,
Yang and King 2010; Mosier et al. 2011), Z data only
offer a maximum of ~10-20-min lead times for the oc-
currence of first lightning flash. Therefore, using radar
and geostationary satellite data together for LI now-
casting would be helpful toward the following: 1) ex-
ploiting the 30-60-min lead time provided by geostationary
satellites and 2) constraining the satellite-only pre-
dictions by the need to have a specific in-cloud radar
Z signature present ahead of making a high-probability
(> ~80%) LI nowcast. This should lead to lower false-
alarm rates in purely satellite-based CI and LI nowcasts,
and longer lead times beyond using radar data alone.
The specific coupled CFAD-GOES signature, which
shows promise when nowcasting LI, is the presence of
a well-defined anvil in FL (or in similar environments)
with a concomitant drop off in cloud-top cooling rates.

For follow-on research, this study only uses a small
dataset. Further analysis should be conducted with more
cases based on similar criteria to confirm the conclusions
and to clarify whether the differences seen are not case,
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regime, or seasonally dependent. Areas of new research
can also include relating the GOES and CFAD datasets
to lightning intensity (in terms of flash density; see
McCaul et al. 2009) such that predictions of lightning
amounts and rates may be made with higher accuracy.
Use of geostationary sensors with more than four broad
band channels, such as the MSG, the Fengyun series,
and the forthcoming GOES-R/-S, have already been
demonstrated to provide benefit when discerning in—
cloud physical processes in advance of CI (Mecikalski
et al. 2010a,b), and therefore should be coupled to radar
datasets toward gaining additional understanding on how
LI may be properly forecasted.
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