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ABSTRACT

This work addresses the long-term relative occurrence of cloud-to-ground (CG) and intracloud (IC; no
attachment to ground) flashes for the contiguous United States (CONUS). It expands upon an earlier analysis
by Boccippio et al. who employed 4-yr datasets provided by the U.S. National Lightning Detection Network
(NLDN) and the Optical Transient Detector (OTD). Today, the duration of the NLDN historical dataset has
more than tripled, and OTD data can be supplemented with data from the Lightning Imaging Sensor (LIS).
This work is timely, given the launch of GOES-16, which includes the world’s first geostationary lightning
mapper that will observe total lightning (IC and CG) over the Americas and adjacent ocean regions. Findings
support earlier results indicating factor-of-10 variations in the IC:CG ratio throughout CONUS, with cli-
matological IC fraction varying between 0.3 and greater than 0.9. The largest values are seen in the Pacific
Northwest, central California, and where Colorado borders Kansas and Nebraska. An uncertainty analysis
indicates that the large values in the northwest and central California are likely not due to measurement
uncertainty. The high IC:CG ratio (>4) throughout much of Texas reported by Boccippio et al. is not sup-
ported by this longer-term climatology. There is no clear evidence of differences in IC fraction between land
and coastal ocean. Lightning characteristics in six selected large regions show a consistent positive re-
lationship between IC fraction and the percent of positive CG flashes, irrespective of lightning incidence (flash
density), dominant season, or diurnal maximum period.

1. Introduction weather and climatology of deep convection. Advances
in lightning detection and geolocation (summarized in
Cummins and Murphy 2009; Nag et al. 2015; Ushio et al.
2015) have made essential contributions to our increasing
knowledge in these areas. In addition, satellite observa-
tions of the diffuse cloud-top optical emissions produced
from lightning since 1995 provide global climatologies of
total lightning [(TL); all lightning flashes, including those
that produce channels to ground] (Christian et al. 2003;
& Supplemental information related to this paper is avail-  Mach et al. 2007; Cecil et al. 2014, hereafter C14; Cecil
able at the Journals Online website: https://doi.org/10.1175/ o 4. 2015). When coupled with climatological incidence
MWR-D-16-0426.s1. .
of cloud-to-ground (CG) flashes, these data provided our first
spatially contiguous view of the relative occurrence of in-
* ORCID: 0000-0001-9871-691X. tracloud (IC) flashes and CG flashes (Boccippio et al. 2001,
hereafter BO1). This work depicted the relative occurrence
Corresponding author: Kenneth L. Cummins, kcummins@email. of IC and CG flashes by the IC:CG ratio, which was first
arizona.edu defined by Mackerras (1985) as the Z ratio. Some later

For decades, lightning research has contributed not
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publications have recommended the use of either the
“cloud flash (or IC) fraction” (fraction of flashes that do
not attach to the ground) or “ground (or CG) fraction”
(fraction of flashes with one or more ground attachments).
Both alternative depictions avoid the numerical singu-
larity in IC:CG ratio when the CG fraction is zero, as well
as numerical instabilities (i.e., excessive sensitivity) in IC:
CG ratio to small changes in the CG fraction when it is
near zero. The work presented here addresses this issue in
more detail, and we employ the terminology IC:CG ratio,
IC fraction, and CG fraction.

The orbital nature of the satellite TL observations to
date (few minutes of continuous observation at any one
location for any one overpass) makes it impossible for
these data to be used to assess the time evolution of
individual storms. However, a significant next step in
lightning detection is the recent launch of the first
Geostationary Lightning Mapper (GLM) on board the
Geostationary Operational Environment Satellite R
(GOES-R) series. The GOES-R satellite reached geo-
stationary orbit on 29 November 2016 and is now
called GOES-16. After an approximately 9-month Post
Launch Test and validation phase, GLM will provide
fully validated continuous TL observations with near-
uniform spatial resolution by measuring radiance at the
cloud tops produced by all types of lightning [see
Goodman et al. (2013) for additional benefits of GLM].
The GOES-16 will replace GOES-East and GOES-S/17
will replace GOES-West as shown in Fig. 2 of Goodman
et al. (2013). Because GLM will capture the entire spa-
tiotemporal evolution of storms within its wide field of
view, it is expected to improve our ability to extend se-
vere weather warning times [Schultz et al. (2011, 2015)
and references therein], and will provide valuable data
for short-term forecasting of convective precipitation
and severe weather outbreaks (Fierro et al. 2015, 2016).
More broadly, GLM will provide critical data that will
contribute to our understanding of differences in thun-
derstorm behavior over land and ocean, and as a func-
tion of time of day and season.

There are physical reasons why a storm preferentially
produces IC or CG lightning. A typical (simplified) elec-
trified cloud is explained as having vertical layers of elec-
trical charge composed of an upper positive charge below
the tropopause, a midlevel negative charge region well
above the freezing level, and a much smaller positive
charge layer below it (Williams 1989). Intracloud flashes
generally “neutralize” charge between the upper positive
and midlevel negative charge regions in a cloud while CG
flashes typically transfer negative charge to one or more
locations on the ground. The relative occurrence of IC and
CG flashes is thought to be determined in part by the
relative locations and sizes of these charge centers, and
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their spatial relationship to the terrain below. Addition-
ally, the existence and nature of the lower positive charge
center has a significant influence on the occurrence of CG
flashes (Jacobson and Krider 1976). When there is a large
positive charge center at low altitude above ground level,
this can also inhibit the production of negative CG flashes
(Nag and Rakov 2009; Mansell et al. 2010). Storms that
exhibit inverted and/or complex charge structures fre-
quently have high IC flash rates, discourage the production
of negative CG flashes, and encourage the production of
positive CG flashes within the convective region of the
storm (Carey and Rutledge 1998, 2003; Wiens et al. 2005;
Carey and Buffalo 2007; Qie et al. 2009; Bruning et al.
2014; Fuchs et al. 2015). Sections 7.20 and 7.21 in
MacGorman and Rust (1998) provide additional details.
Helpful modeling work on this topic is presented in
Mansell et al. (2010).

There is value in refining our understanding of the
long-term regional differences in the occurrence of IC
and CG flashes, for several reasons. Most urgently, the
upcoming real-time use of GLM TL data by forecasters
in the Americas makes it imperative that they have a
clear understanding of the “nominal” regional differ-
ences in the occurrence of IC and CG flashes, as they
become familiar with the GLM dataset and interrelate it
with the existing CG and TL datasets provided by
ground-based LLS networks. This is important because
of a three- to tenfold regional climatological variation in
the fraction of flashes that attach to ground (Mackerras
et al. 1998; B01; Pinto et al. 2003; Soriano and de Pablo
2007; and the references therein). An understanding of
these regional variations will help forecasters understand
and properly interpret the short-term changes in TL and
CG flash rates when evaluating individual storms that
move into and out of different climate regimes.

Beyond the operational needs, there are several uses
of lightning data that require knowledge of the relative
occurrence of IC and CG flashes, some of which are
briefly described here. An important practical issue is
the interpretation of comparisons between satellite-
derived lightning datasets and ground-based LLS data-
sets that preferentially report return strokes in CG
flashes, such as the work by Thompson et al. (2014) and
Rudlosky and Shea (2013). For these uses, the observed
proportion of time- and space-coincident lightning re-
ports are weighted by both the relative occurrence of IC
and CG flashes and by the LLS’s different detection
efficiencies for these types of flashes. More broadly, the
analysis of the climatological behavior of any atmo-
spheric electrical, chemical, or precipitation-related
parameter that has a fundamental relationship with
flash type requires knowledge of the relative occurrence
of IC and CG flashes (Beirle et al. 2014). Important
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examples include estimation of lightning NOx pro-
duction (Beirle et al. 2010; Koshak et al. 2014; Ott et al.
2010), and assessment of the electrical current contrib-
uted to the global circuit by individual storms (Driscoll
et al. 1992, 1994; Mareev et al. 2008).

Temporal variations in the occurrence of IC and CG
flashes at short time scales will influence their relative
occurrence at the climatological time scale. The simplest
possible explanation for the more frequent occurrence
of IC flashes would be that the IC flash rate per unit area
is higher whenever there is lightning, and that IC flashes
occur in the same proportion over short and long time
periods. However, this is not the case. Considering short
time scales, the life cycle of typical thunderstorms can be
broken down into initial, active, and final phases. For
Florida thunderstorms, Livingston and Krider (1978)
found that very few CG flashes occurred during the
initial phase, about half of the flashes during the active
phase were CG, and 20% of the flashes during the final
phase were CG. Krehbiel (1986) indicates that the de-
layed occurrence of CG flashes is in concert with in-
creasing height of the upper positive charge region
during storm development, relative to the nearly stable
height of the main negative charge region. Jacobson and
Krider (1976) noted that development of the lower
positive charge region, which naturally evolves during
the development of a storm, is influenced by the occur-
rence of lightning flashes.

The details related to this overall sequence vary by
region and storm type. MacGorman et al. (2011) report
large regional variability in the latency of the first CG
flash in thunderstorms in the central United States, and
showed that the largest average latency was in the high
plains where the climatological proportion of flashes
striking the ground is quite small. This region also ex-
hibits the largest percentage of positive polarity CG
flashes. Additionally, storm severity is frequently asso-
ciated with strong updrafts producing large mass flux
through the mixed phase region, which is conducive to
smaller flash sizes, higher IC flash rates, and sometimes
associated with a reduction or elimination of CG flashes
(MacGorman et al. 1989; Williams et al. 1999; Wiens
et al. 2005; MacGorman et al. 2011; Makowski et al.
2013; Bruning and MacGorman 2013; Fuchs et al. 2015).
These findings suggest that as a storm ‘“becomes se-
vere,” it becomes more likely to exhibit a high flash rate
[e.g., “lightning jump”—see Gatlin and Goodman
(2010)] with most flashes being IC, also resulting in large
temporal modulation of the relative occurrence of IC
and CG flashes throughout the storm life cycle.

Given the broad value of understanding long-term
regional variations in the relative occurrence of IC and
CG flashes, we expand upon the earlier analysis by

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 06/14/22 07:53 PM UTC

ET AL. 4483

reference BO1 using additional and longer-term data-
sets. We note that any long-term climate variations that
change the characteristics of thunderstorms will likely
have an associated impact on the types and characteristics
of lightning produced. Hence, this work represents an im-
portant baseline measurement for, and contribution to, the
ongoing National Climate Assessment (NCA) lightning-
climate study first reported in Koshak et al. (2015).

The work presented here also includes a detailed quan-
titative assessment of uncertainties in the satellite-derived
average annualized flash density (flashes km 2yr~ '),
referred to in C14 as flash rate and in Holle (2014) (and
in this work) as flash density. The uncertainties arise
from the limited time sampling of thunderstorms be-
cause of the orbital nature of the satellites (to be dis-
cussed here in detail). The additional years of data
beyond what was available to BO1 also allows us to
employ less spatial smoothing than was practical in BO1,
and to separate data sampling limitations from multi-
year regional variability. Section 2 describes the data-
sets and analysis methods. Results and discussion are
presented in section 3, followed by conclusions and fu-
ture work (section 4).

2. Data and methods

This study uses the U.S. National Lightning Detection
Network (NLDN) to provide the CG flash density cli-
matology, and the Optical Transient Detector (OTD),
the Lightning Imaging Sensor (LIS), and a combination
of OTD and LIS (OTD/LIS) to provide the TL flash
density climatology. Sections 2a—c briefly discuss these
datasets and the methods used to evaluate and
compare them.

We note that recent work by Koshak and Solakiewicz
(2015) has demonstrated the possibility to infer the
ground flash fraction directly from a detailed analysis of
the satellite-derived lightning dataset, with an expected
accuracy of about 80%. However, in our work, we em-
ploy the NLDN data because 1) its type classification
accuracy is thought to be better (Nag et al. 2015), 2) it
does not suffer from the sampling limitations of the
OTD/LIS datasets described later, and 3) the results can be
directly compared to the climatology produced by BO1.

a. NLDN data

The NLDN has been providing lightning data since
the early 1980s, and since 1989 has been used for
continental-scale lightning research in the United States
(Cummins and Murphy 2009). The NLDN was origi-
nally composed of gated wide-band magnetic direction
finders that employed magnetic field waveforms to de-
termine the direction to the channel bases of lightning
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TABLE 1. Summary of data used in this study.

Data Lightning type Years Domain Flash DE
OTD Total May 1995-Mar 2000 +75° lat 0.37-0.51 (varies with time of day,
location, and sensor threshold settings)
LIS Total 1998-2013 +38° lat 0.69-0.88 (varies with time of day)
OTD/LIS Total May 1995-31 Dec 2013 +75° lat DE corrections applied (C14, Fig. 2)
NLDN CG May 1995-31 Dec 2013 CONUS 0.7-0.95 (varies by location and year;

see appendix B)

discharge to the ground (Krider et al. 1976). The first
major improvement to the NLDN occurred in 1995
when the direction finders were upgraded to include
GPS timing data, resulting in the so-called Improved
Accuracy through Combined Technology (IMPACT)
sensor (Cummins et al. 1998). The IMPACT geolocation
algorithm computes the latitude, longitude, and dis-
charge time using as few as two sensors (Cummins and
Murphy 2009). The CG flash detection efficiency (DE)
following this upgrade ranged between 70% and 90%
over much of the interior of the network, and was below
60% at or near the edges of the network (Cummins et al.
1998). In 2002-03, the NLDN improved when all NLDN
sensors were replaced with better IMPACT-ESP sen-
sors and eight additional sensors were added to the
network. This further improved the flash DE to between
90% and 95% (Cummins and Murphy 2009) among
other changes (Rudlosky and Fuelberg 2010). The spa-
tial boundaries of the NLDN are 250km into Canada,
600km into Mexico, and 600km into the Pacific and
Atlantic Oceans (Holle 2014). The flash DE decreases in
all directions outside the contiguous United States
(CONUS) except Canada, where the Canadian Lightning
Detection Network (CLDN) has been used in conjunc-
tion with the NLDN since 1998 (Orville et al. 2011). As a
result of a 2013 upgrade to the NLDN, the estimated CG
flash DE improved from about 90% for the period of
2003-12 to over 95% throughout CONUS [see Nag et al.
(2014) for details]. Somewhat variable performance over
earlier years is addressed in this work by employing cor-
rections for detection efficiency, as described in the online
supplemental material. Prior to 1996, the NLDN did not
report any discharges classified as cloud lightning. The
number of reported IC flashes has steadily increased since
that time. In the present study, only NLDN-reported CG
flashes are employed. All small positive discharges
(<15kA) are excluded, as recommended by Cummins
and Murphy (2009), to help minimize misclassification of
IC and CG discharges. Some misclassification errors re-
main, and are discussed later in the context of their impact
on findings in this work. A history of the recent NLDN
upgrades, including performance implications, is pro-
vided in Koshak et al. (2015).
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b. OTD and LIS

The OTD instrument provided TL data for 5 years
(1995-2000) on the OrbView-1 (OV-1) (formerly
MicroLab-1) satellite (Mach et al. 2007; Christian et al.
2003), and recorded lightning between 75°N and 75°S
(Christian et al. 2003). The flash DE has been reported to be
between 49% and 65% (Boccippio et al. 2000; BO1). OTD’s
field of view was about 1300 X 1300km? with a spatial
resolution of 10km and about 14 orbits each day (C14).

The LIS instrument was part of the Tropical Rainfall
Measuring Mission that launched in 1997 and collected
TL lightning observations until April 2015. The LIS
orbit was limited to 38°N to 38°S with a flash DE of about
69% during local noon and 88% at night (C14). LIS’s
field of view changed from about 600 X 600 km? to about
700 X 700 km? following a boost in the TRMM satellite
average altitude from ~350km before August 2001 to
~400km after August 2001. The respective spatial res-
olution changed from ~5 to ~6km. LIS had about 16
orbits each day (C14).

This analysis uses the global gridded OTD and LIS
datasets produced by NASA (see C14 for a detailed
description). More specifically, for the long-term cli-
matology we employ the gridded flash rate product
(flash density in units of flashes km ~Zyr '), which is part
of the High Resolution Full Climatology (HRFC)
dataset with a spatial resolution of 0.5° X 0.5°. The
measured flash counts were scaled to correct for obser-
vation times and flash detection efficiency, as described
in C14. Other OTD and LIS datasets are used for bias
analyses, as described in appendix A.

This study examines the OTD and LIS data for the
period of May 1995-December 2013. The combined
OTD/LIS data provide the TL portion while NLDN is
used for CG flashes, making it possible to determine the
IC:CG ratio in the same manner as BO1 who utilized four
years of OTD and NLDN data. The result is an 18.5-yr
flash density climatology equatorward of 38°N and a 5-yr
climatology poleward of 38°N. Table 1 summarizes these
datasets.

As noted earlier, the orbital nature of the OTD and
LIS observations result in very limited observations
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(sampling, or view time) for any specific location on the
earth. The yearly OTD view time is between 12 and 16 h,
accumulated from numerous individual overpasses
lasting about 3 min (Christian et al. 2003). The LIS an-
nual view time over CONUS is between 16 and 33h,
accumulated from numerous individual overpasses
lasting about 90s (C14). This limited sampling can result
in seasonal and diurnal (time of day) biases in obser-
vation time, as compared to what would be observed
with continuous observations. The HRFC and its low-
resolution counterpart (LRDC) flash density datasets do
not compensate for these differences in the view time as a
function of season or time of day. Appendix A in this
paper provides separate analyses of these biases for our
analysis domain, analyzed separately for OTD (above
38°N) and LIS (below 38°N). These sources of error are
much smaller than the estimated fractional RMS error
due simply to limited overall view time (also covered in
appendix A), which is in the range of 11%-23%. These
findings led us to accept the HRFC climatologies, allow-
ing us to employ the higher-resolution (0.5°) grids.

For most of the analyses presented here, the data were
smoothed based on Gaussian smoothing with a standard
deviation of one grid cell (0.5° resolution) using a 5 X 5
array of grid points. All smoothing was performed prior
to any arithmetic manipulations (ratios, differences,
etc.). This improves numerical stability since the data-
sets are small due to the limited view time. Assuming
independent observation errors in the 24 neighboring
grids used in smoothing, the RMS error in a grid esti-
mate is reduced by a factor of 0.287. This smoothing
approach allows somewhat more localized variation
than the 3.5° “boxcar”” smoothing (equal weighting for
all related grid points) used by BO1, which is justified by
the additional periods of observation and the error
analysis provided in appendix A. The color scales used
in most maps were designed to avoid perceptual bias and
to limit problems for readers with color-deficient vision
(Stauffer et al. 2015). Contour lines were also added to
most map-based figures to assist in identifying subtle
color transitions.

In this work, we also compare the OTD and LIS
datasets below 38°N to evaluate instrumentation or
calibration biases in the datasets, and to set expectations
for the variability in the 5-yr OTD climatology in the
northern latitudes. The comparisons are carried out in
two different ways: one is a signed (+/—) “‘spatial dif-
ference” map expressed as a percentage (like a “nor-
malized anomaly” used in climatological studies), and
the other is a histogram of the magnitude of this dif-
ference. The spatial difference shows locations where
there is a strong bias toward one dataset, using the fol-
lowing equation:
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100 X (OTD — LIS)
(OTD + LIS)2 °

M

where OTD and LIS (used as variable in this equation)
represent the flash density values for any given grid
location.

Given the two-domain nature of the satellite-derived
lightning density, an NLDN ‘“‘composite” CG flash
density dataset was constructed to match the time pe-
riods of the satellite-derived datasets. For this composite
dataset, the NLDN data above 38°N was limited to the
early 5-yr period, and the NLDN data below 38°N in-
cluded all 18.5 years of data (see section 3b).

c. Lightning-type ratios

There are several possible ways to express the relative
occurrence of IC and CG flashes. BO1 employed the
IC:CG ratio Z based on the body of prior literature. In
this section, we provide a rationale for using the IC
fraction as suggested by MacGorman and Rust (1998,
their section 7.15). We note that the ““CG fraction” (the
fraction of all flashes with one or more ground attach-
ments) is an equally appropriate and numerically well-
behaved representation, but we hesitate to promote this
parameter since it frequently approaches zero when
there is severe weather.

In the equations provided below, we have employed
variable names that are tied to the actual quantities to
simplify interpretation of the equations, but these vari-
ables are only used here for mathematical definition and
for development of sensitivity equations in appendix B.
A “composite” IC:CG ratio (defined here as the vari-
able R to improve readability) was calculated using the
combined OTD/LIS dataset and the composite NLDN
data as described above. The ratio R is calculated for
each grid point using
C T-G
G G
where T is the composite total lightning (OTD and LIS)
flash density, G is the composite NLDN CG flash den-
sity, and C is the (computable) density of cloud flashes
(those without ground attachments). The method used
to estimate C in Eq. (2) has an influence on the un-
certainty of the results. In this work, we simply subtract
the ground flash density from the total lightning density
to produce the cloud flash density. This implicitly as-
sumes that OTD and LIS identify flashes with equivalent
space—time properties as the CG flashes identified by the
NLDN. However, it is reasonable to expect that the
large cloud-top illumination areas associated with a
single LIS or OTD flash will at times be associated with
multiple distinct and spatially separated CG flashes; this

R=—_= Q)
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FIG. 1. Variability of satellite-derived total lightning flash density: (a) OTD data from 1995-99, (b) LIS data from
1998 to 2013, (c) OTD — LIS spatial difference magnitude (% deviation from mean) histogram and cumulative
distribution, and (d) OTD — LIS spatial difference map. Negative values indicate higher density for LIS. Contour
lines in (a) and (b) are placed at all color boundaries above 0.01 flashes km 2 yr ™.

was explicitly noted by Franklin (2013). Zhang et al.
(2016) observed a 13.4% higher flash count reported by
the NLDN for 507 carefully matched LIS flashes in 2013,
but this is a rather limited dataset. This issue is discussed
again in the interpretation of our findings.

When the CG flash density is small, the calculated
value of the IC:CG ratio R will be sensitive to small
variations in G. The IC fraction (F, in these equations)
does not suffer from this instability as much as R, and is
given by the following equation:

T-G

F = — (3)
The technical appendix in BO1 provides a detailed
treatment of the impact of various measurement errors
(impacting 7'and G) on the resulting IC:CG ratio, so this
issue is not addressed here. For this work, we carried
out a sensitivity analysis to explore the relative numer-
ical stability of F, and R as a function of the measured T
and G density values (see appendix B for details). In
summary, both F, and R have low sensitivity to un-
certainty in 7 for (typical) R values in the range of 1-10
(F.between 0.5 and 0.1). However, the sensitivity of R to
uncertainty in G is more than twice that of F, at an R
value of 1.0, and grows rapidly to 12 times larger at an R
value of 10. For this reason, we recommend adoption of
F. (IC fraction) in future work.

In the work presented here, both the IC:CG ratio and
IC fraction are plotted as a smoothed grid maps with the
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“native” 0.5° X 0.5° resolution, facilitating localized
interpretation of the results. The IC:CG ratio is then
plotted as a highly smoothed contour map for direct
comparison with Fig. 2 in BO1.

3. Results and discussion
a. LIS and OTD differences

A detailed comparison of the OTD and LIS flash
densities is provided below, with the help of Fig. 1. LIS
was limited to 37°N in this figure to discard the bias error
near the edges due to smoothing. The flash densities
range from 35 to 40 flashes km 2yr~! in Florida and
western Mexico, to less than 1.0 along the U.S. West
Coast and northeastern Canada. Both OTD and LIS
(Figs. 1a and 1b, respectively) generally agree about the
maxima over Florida, Cuba, and western Mexico, but
there are some differences between the datasets over the
rest of the domain. The LIS density off the coast of the
Carolinas transitions from high values over land, de-
creasing to smaller values over the ocean, and enhancing
again over the Gulf Stream. This is not well depicted in
the OTD density map. The percent difference between
the two sets is shown in Fig. 1d. Negative (orange/red)
values represent a bias toward LIS, and positive (green/
blue) values represent a bias toward OTD. White re-
gions are either ‘“‘no data” or indicate differences less
than 10%. The values are generally between =40% with
the largest differences in parts of the Gulf of Mexico,
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Average Flash Density (Flashes km?2 yr?)

FIG. 2. The 18.5-yr climatology of the average flash density over
CONUS from the combination of LIS and OTD data from
HRFC. Contour lines are placed at all color boundaries above
0.01 flashes km 2 yr ™.

along the coast of the Gulf of California, and east and
south of the Gulf Stream off the U.S. East Coast. For
most of the United States (below 37°N) and over the
water, visual inspection suggests that there may be some
bias toward higher OTD density since there are more
positive (blue) values. However, the average over the
whole domain shows that the LIS reported 4% more
lightning than OTD. If the differences were due to in-
strumental or calibration differences one would expect a
more uniform bias toward either LIS or OTD. Addi-
tionally, the largest differences between the two datasets
are spatially very close to each other, going from a
negative extreme to a positive extreme. This finding is
more likely associated with differences in the (orbital)
sampling periods than with year-to-year variations in
storm location since these two datasets have two years of
overlap, although both factors are likely at work.

Given that the LIS density is a 15-yr climatology, it is
reasonable to ascribe most of the variability to the OTD
dataset. The sampling error analysis in appendix A
provides quantitative support for this assertion. Specif-
ically, the estimated fractional RMS error for individual
grids in most of the LIS domain is between 0.03 and 0.10
(3%-10%). The “OTD only” region above 38°N ex-
hibits larger relative RMS errors that are mostly in the
range of 10% and 20%.

A histogram of the magnitude differences, accumu-
lated from all the grid elements, is shown in Fig. 1c (bar
graph), along with the associated cumulative distribu-
tion (line graph). About 50% of the grids have a varia-
tion of 20% or less, with monotonically decreasing
likelihood of larger variations. Since many of these re-
gional variations are larger than would be expected from
the 10%-20% RMS random variations due to sampling
for OTD, some of this variation must be due to in-
terannual variability for the short OTD observation
period. This is discussed further in the next section.
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b. Multiyear variability using NLDN

As noted above, an underlying limitation of this analysis
is the short (Syr) observation period and limited view
times for the combined satellite-derived climatology (see
Fig. 2) above 38°N. Additional insight into this limitation is
gained by comparing the NLDN climatologies over the
same time periods (Fig. 3) following the analysis approach
used for Fig. 1, since the NLDN provided continuous ob-
servations. The CG flash densities (corrected for detection
efficiency) for the OTD and LIS periods are shown in
Fig. 3a and 3b, respectively. The spatial distribution of
lightning is strikingly similar during these two time periods,
partly because of the common observations during 1998—
2000. Differences are more readily observed in the percent
difference map provided in Fig. 3d. Noteworthy contrasts
include negative values (higher LIS density) during the late
years throughout most of Texas, Kansas, Nebraska, and
the northeastern United States, and positive values (higher
OTD density) during the early years throughout much of
the western states. Unlike the equivalent plot for OTD and
LIS in Fig. 3d, the differences are more homogeneous over
large areas, suggesting nonrandom variations over time
that are likely due to natural decadal variations. A quali-
tative comparison of Figs. 1d and 3d shows little spatial
coherence between the patterns in the two maps, sug-
gesting that climatological factors are not dominating the
spatial differences between the OTD and LIS datasets.

A histogram of the magnitude differences, accumu-
lated for all grids, is shown in Fig. 3¢ (bar graph), along
with the associated cumulative distribution (line graph).
About 50% of the grids have a variation of 10% or less,
with monotonically decreasing likelihood of larger var-
iations. Since the NLDN density maps do not suffer
from sampling limitations, all these differences are
driven by interannual variability in storm occurrence.
Comparing the frequency distributions in Figs. 1c and
3c, we infer that about half of the differences in the LIS
and OTD densities are due to limited sampling for OTD
and about half would then be due to interannual vari-
ability in the weather. Again, this is consistent with the
expected sampling errors provided in appendix A.

The observations and interpretations provided above are
what led us to derive the IC:CG ratio and IC fraction statistics
using a modified NLDN CG flash density that was con-
structed to match the time periods of the satellite-derived
climatologies (Fig. 4). This approach minimizes the short-
term weather-related differences north of 38°N, but the
sampling errors in the satellite-derived density remain.

¢. Overall lightning climatology

The satellite and NLDN flash densities (Figs. 2 and 4,
respectively) exhibit similar general patterns over CONUS.
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FIG. 3. Variability of NLDN ground flash density (GFD) for satellite observation periods: (a) NLDN GFD for the
OTD observation period, (b) NLDN GFD for the LIS observation period, (c) spatial difference magnitude
(% deviation from mean) histogram and cumulative distribution for NLDN GFD (OTD years — LIS years), and
(d) spatial difference map for NLDN GFD (OTD years — LIS years). Negative values indicate higher density for
LIS years. Contour lines in (a) and (b) are placed at all color boundaries.

The greatest CONUS flash densities are in Florida and the
Gulf Coast, with a nearly steady fall-off to the west,
northwest, and north. The 18.5-yr satellite climatology
shows flash density maxima along the west coast of Mexico,
as shown by Murphy and Holle (2005) and Holle and
Murphy (2015). Other locally high density regions include
the Gulf Stream and south-central United States. Fur-
thermore, the Front Range of the Rocky Mountains has
relatively higher density values (more lightning flashes)
when compared to the central Rockies.

An important contributor for lightning along the Gulf
Coast is deep low-level moisture driven from the very
warm ocean waters (Holle 2014). When supplemented
by coastal landmass heating, conditions are ideal for
strong convection (Stroupe et al. 2004). The timing and
modulation of lightning in this area is driven by several
flow regimes, as described by Smith et al. (2005). There
are also regions of high flash density over Florida. The
driving factor for lightning here is the differential heat-
ing resulting from the thermal contrasts between land
and ocean, helping to create convergent boundaries that
trigger convection (Hodanish et al. 1997; Rudlosky and
Fuelberg 2011).

The well-defined lightning increase along the Gulf
Stream off the East Coast is the result of locally warm
waters that favor deep convection (Christian et al. 2003).
More specifically, the increased lightning over this area
compared to near-coastal waters has been associated
with almost stationary convective clouds and precipitation
associated with large fluxes of heat and water vapor from
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the warm waters of the Gulf Stream to the colder air
above (Biswas and Hobbs 1990). As with the Gulf Coast,
lightning incidence in this area exhibits significant sea-
sonal and diurnal modulation (Virts et al. 2015; Holle
2014; Holle et al. 2016). The low flash densities along/
near the West Coast may result from the cold water and
large-scale subsidence that inhibits deep convection,
with local inland variations produced by the terrain-
driven convection typically seen in the western United
States (Reap 1986). A more in-depth discussion on the
meteorological mechanisms for lightning in the United
States can be found in Lopez and Holle (1986), Holle
et al. (2016), and Holle (2014).

Average Flash Density (Flashes/km?/yr)

FIG. 4. GFD modified such that below 38°N the climatology in-
cludes May 1995-December 2013 (OTD + LIS observation pe-
riod) and above 38°N the climatology only includes the OTD
observation period. Contour lines are placed at all color
boundaries.
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IC:CG Ratio

F1G. 5. The IC:CG ratio using LIS with NLDN for the 18.5-yr
period and OTD with NLDN for the 5-yr period. Contour lines are
placed at all color boundaries for ratios between 1.0 and 8.0, with
steps of 1.0.

d. IC:CG ratio and IC fraction

Equipped with an appreciation for the uncertainties in
the satellite-derived TL flash density, the relative oc-
currence of IC and CG flashes can now be objectively
explored. Figures 5 and 6 show the IC:CG ratio and IC
fraction, respectively. There are no clear transitions
from land to water in the Gulf of Mexico and the At-
lantic coast, and there is no clear anomaly over the Gulf
Stream. The high values at the southern and eastern
extremes over the ocean and northern Mexico are due to
the fall-off of NLDN DE with increasing distance from
CONUS (not correctable). Most of the United States
exhibits IC:CG ratio values between 1 and 4 (IC fraction
between 0.5 and 0.8), with some notable exceptions.
Distinctly high IC:CG ratio values occur in parts of
eastern Colorado, Kansas, Nebraska, and South Dakota,
clearly illustrated in both the IC fraction and IC:CG
ratio. This region is well known from previous studies
to be associated with high percentages of positive CG
flashes when there is severe weather (Carey and
Buffalo 2007; Carey and Rutledge 2003; Bruning
et al. 2014).

Large IC:CG ratio values (>7) are also seen in the
northwestern United States near Vancouver, Canada;
portions of Washington and Oregon; and near the
Northern California coast. BO1 also reported high
IC:CG ratio (Z) values in these areas, and suggested
that this finding might not be significant due to the low
flash density in the area. The error analysis carried out in
appendix A provides a more quantitative assessment of
this issue. It is shown (see Fig. A2) that the satellite RMS
deviation is quite high in the coastal and western por-
tions of Washington and Oregon, ranging from 35% to
greater than 45% (darker blue regions). These larger
uncertainties lead us to discount the extreme IC:CG
ratio and IC fraction values found in western Wash-
ington, Oregon, and some regions near the Northern
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0

FI1G. 6. The IC fraction using LIS with NLDN for the 18.5-yr
period and OTD with NLDN for the 5-yr period. Contour lines are
placed at all color boundaries for fractions between 0.35 and 0.85,
with steps of 0.1.

California coast. This is not the case for southeastern
Washington, western Idaho, and northeastern Oregon,
or for central California, as discussed below.

Further noteworthy regions are identified in Fig. 7 and
quantified in Table 2. Statistics associated with several
parameters for these regions are derived from the grids
that are within (or on) the dotted-line polygons shown in
Fig. 7. The map in the top panel of Fig. 7 shows the IC
fraction, and the map in the bottom panel shows the
percentage of CG flashes that had a positive polarity
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F1G. 7. Maps of (top) IC fraction and (bottom) percent positive CG
flashes, identifying the six regions summarized in Table 2.



4490

MONTHLY WEATHER REVIEW

VOLUME 145

TABLE 2. Selected flash parameters [mean and standard deviation (SD))] for six regions shown in Fig. 7. The boldface rows indicate regions
with very high IC fractions and the associated high percentages of positive CG flashes.

Z (IC:CG) CG fraction IC fraction Percent positive  Flash density Time of

Region [Mean (SD)] [Mean (SD)] [Mean (SD)] CG [Mean (SD)] [Mean (SD)] Season day (local)
South-central 2.5(0.25) 0.29 (0.02) 0.71 (0.02) 6.4 (0.87) 21.6 (3.5) Summer 1400-1800
Coastal California 4.6 1.7) 0.19 (0.05) 0.81 (0.05) 15.4 (3.8) 0.57 (0.39) Spring + fall ~ 0000-2400
Northwest inland 6.3 (2.4) 0.15 (0.06) 0.85 (0.06) 11.9 (1.5) 2.0 (0.80) Summer 1800-0200
Great Plains 41 (1.3) 0.21 (0.05) 0.79 (0.05) 14.9 (3.7) 12.8 (2.8) Summer 1800-0200
Central Rockies 1.6 (0.49) 0.40 (0.07) 0.60 (0.07) 53(1.0) 42(1.1) Summer 1200-1600
North-central 1.5 (0.60) 0.44 (0.12) 0.56 (0.12) 7.0 (1.9) 11.6 (4.8) Summer 1400-2200

(lowered positive charge to ground). Note the spatial
coherence between these two parameters. The first three
columns in Table 2 contain the mean and standard de-
viation (SD) for the three parameters reflecting the
relative occurrence of IC and CG flashes, and the next
two columns contain statistics for the percentage of
positive flashes and the flash density, respectively. The
last two columns indicate the dominant season and time
of day for lightning in these regions, taken from work by
Holle (2014) and Holle et al. (2016).

A south-central region is included in Table 2 because
it represents a large region with homogeneous, ““‘typical”
IC:CG ratio (2.7) and IC fraction (0.73). This region
has a high mean annual incidence of satellite-derived
total lightning (21.6 flashes km 2yr ™!, see also Fig. 4)
that occurs during winter, spring, and summer, with
most occurring in midsummer (July and August) be-
tween 14 and 18 h local time. This region also exhibits a
typical percentage of positive CG flashes (6.4%).

The next three regions in the table (boldface rows)
have very high IC fractions, and associated high per-
centages of positive CG flashes. Coastal California ex-
hibits an average IC fraction of 0.81, with only 19% of
the flashes including attachment to ground. A total of
15.4% of the reported CG flashes were positive, which is
the largest percentage within the CONUS landmass.
Although the statistical variability of any one grid in
this region is suspect due to the low flash density
(<0.6 flashes km 2 yr 1), it is statistically impossible for
this very large region to randomly exhibit such uni-
formly high IC fraction values. The storms in this region
seem to occur in the spring or fall, randomly throughout
the day, and likely differ from the more typical warm
season thunderstorms that occur in the south-central
region (low IC fraction) or in the Great Plains region
discussed below (high IC fraction).

There is one small area in the northwest (northwest
inland region in Table 2) where the exceptionally high
IC:CG ratio (6.3) and IC fraction (0.85) values appear to
be statistically reliable, even though the mean incidence
of lightning is only 2 flashes km ?yr~'. In appendix A
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(see Fig. A2) itis indicated that the RMS uncertainty for
the satellite-derived flash density in eastern Oregon,
southwestern Idaho, and southeastern Washington (lo-
cated west of the Blue Mountains in northeastern Ore-
gon and southeastern Washington) is between 11% and
25%. This makes it possible to view the local high mean
values in this area as meaningful, particularly when ag-
gregated over the region. Portions of this area also ex-
hibit high percentages of positive CG lightning (see
Fig. 7), with an average value in the region of 11.9%.
Storms in this area generally produce lightning in the
summer months in the evening to nighttime hours.

The last region exhibiting a very high IC fraction
(0.79) and IC:CG ratio (4.1) is a large portion of the
central and northern Great Plains. Most of the lightning
in this region occurs in the early evening to nighttime,
and is most common during the summer. As noted
earlier, this region also exhibits a large fraction of pos-
itive CG flashes (mean of 14.9%), the onset of CG
flashes is frequently delayed relative to IC flashes
(MacGorman et al. 2011), and it is a region where the
percentage of positive CG flashes is substantially higher
in severe storms (Carey and Rutledge 2003).

The last two rows in Table 2 are for two regions with
low IC fractions. The central Rockies region exhibited a
mean IC:CG ratio of 1.6 and an IC fraction of 0.6, with
40% of all flashes including CG strokes to ground. This
large region sits geographically between the three re-
gions with high IC fractions discussed earlier, and is
within the highest and most-extensive mountain range
within CONUS. The region also exhibits a distinctly low
percentage of positive flashes (5.3%). Most of the
lightning in this region occurs in the early to mid-
afternoon (1200-1600, local time), well before storms
occur in the Great Plains (Holle 2014, their Fig. 9a), and
almost all thunderstorms occur during summer months.
The north-central region exhibited the lowest mean
IC:CG ratio (1.5) and an IC fraction (0.56), with 44% of
all flashes including CG strokes to ground. This large
region sits geographically bounded on the south by the
northern Mississippi and Ohio Rivers. It also exhibits a
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quite low percentage of positive flashes (7%). The
lightning in this region occurs throughout the afternoon
and early night, and almost all thunderstorms occur
during summer.

All three regions with high IC fraction also exhibit a
high percentage of positive CG flashes, irrespective of
the storm season or diurnal pattern of incidence. Con-
versely, the two regions with quite low IC fraction ex-
hibit much lower percentages of positive CG flashes,
also with no consistent diurnal behavior. Comparison of
the two panels in Fig. 7 indicates that this covariation of
IC fraction and percentage of positive CG flashes holds
throughout most of CONUS. This finding suggests that a
variety of climate regimes exhibit this behavior that has
previously been associated with inverted and/or com-
plex charge structures, as discussed in section 1. We note
that the eastern North Dakota, northern Minnesota,
western Wisconsin, and Lake Superior seem to provide
the exception to this generalization. This area exhibits a
high percentage of positive CG flashes, as an extension
of the behavior in the Great Plains region, but the IC
fraction is lower and variable. Our review of the sea-
sonal and diurnal CG climatologies in Holle et al. (2016)
and Holle (2014) indicates that roughly 30% of the
storms in this area occur during fall, and that the western
Great Lakes have nocturnal lightning associated with
derechos, unlike most of the central Great Plains.

A comparison of the BO1 4-yr IC:CG ratio climatology
(expressed as Z in that work) and two variants of the
new 18.5-yr climatology is shown in Fig. 8. Figure 8c is
the smoothed and contoured representation of the DE-
corrected results shown in Fig. 5. To illustrate the impact
of these corrections, the data used to produce Fig. 8b
were not corrected. All three maps show a clear maxi-
mum over Kansas, Nebraska, and South Dakota, as well
as maxima over Washington, Idaho, Oregon, and central
California. The common behavior for all three maps in
the northern United States is expected given that our
climatology above 38°N is only 25% larger than the one
used in BO1 (5 vs 4yr). Similar patterns are seen in all
three maps over the eastern United States and over the
central Rocky Mountains. However, there are signifi-
cant differences over Texas, with lower IC:CG ratio
values for both updated climatologies (Figs. 8b,c), re-
sulting in values in Texas that now better match the
southeastern United States. This change is driven by low
TL flash density in this area during the LIS years (see
Fig. 1d), coupled with a much higher CG flash density
during these same years (see Fig. 3d). Both the DE-
corrected and uncorrected results indicate the southern
portion of the Intermountain West exhibits a IC:CG
ratio that is more like that found in the east-central
United States than in the Southeast. We ascribe these
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FIG. 8. IC:CG (Z) ratio comparison: (a) from B01, (b) IC:CG
ratio from current study without correcting the NLDN detection
efficiency, and (c¢) IC:CG ratio from current study using NLDN
detection efficiency corrections described in appendix B. All
datasets were smoothed and contoured in the same way.

differences from the original climatology produced by
BO1 to the much longer observation period south of
38°N, which does not suffer as much from both sampling
errors and decadal-scale variations in weather patterns.

The accuracy of our estimates of the relative occur-
rence of IC and CG flashes deserves further discussion,
beyond the uncertainty in IC:CG ratio that results from
low and uncertain CG flash density (or counts). The area
above 38°N may have additional uncertainty beyond
that shown in appendix A (see Fig. Al) due to in-
terannual variability and decadal variations in convec-
tive weather, but this was minimized by employing a
time-matched CG flash dataset. Recently, concerns have
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been raised about underestimation of satellite-derived
flash density in northern Colorado where within-storm
flash rates can be extremely high (Fuchs et al. 2016), and
this issue could also apply to the central and upper Great
Plains. This factor would only serve to increase the al-
ready significant positive anomaly in the IC:CG ratio
and IC fraction in that area.

Moving on to the NLDN-derived CG flash incidence,
its accuracy does not suffer from sampling issues, but
several other factors contribute to its uncertainty. First,
type classification (IC vs CG) by the NLDN is a known
and characterized problem, with regional variations.
Overall, the classification accuracy is expected to be
about 90% (Nag et al. 2015; Zhu et al. 2016), but with
poorer accuracy for low-current negative first strokes
(<10kA) in anomalously electrified storms that pro-
duce large percentages of CG flashes with positive po-
larity (Fleenor et al. 2009). We note that in our study the
observation time period for most of the central Great
Plains is limited to the OTD years (1995 to early 2000).
During this period, only 2.5% of the negative first
strokes reported by the NLDN had peak current mag-
nitudes below 10kA, due to poorer DE in those early
years. If type classification in this region were a signifi-
cant issue, the IC:CG ratio in Fig. 5 would likely show a
discontinuity at 38°N near the Oklahoma-Texas border.
As a second factor, the NLDN flash DE corrections
described in the online supplemental material have un-
certainties of about 10%, but likely vary up or down
regionally around this value due to the type-classification
errors noted above. The impact of this DE uncertainty
is bounded by the differences between Figs. 8b and 8c
(with and without corrections, respectively). The last
factor impacting accuracy is the “‘definition of a flash,”
first discussed in section 2c. Since we use flash density
values produced separately by each system, any differ-
ences in the grouping of observations into flashes will
clearly bias the results. If the 13% larger NLDN CG
flash count found by Zhang et al. (2016) is accurate, and
if it applies uniformly over our domain, then the ob-
served IC fraction would be 17% too high for an IC
fraction of 0.7, with higher (lower) percentages for
higher (lower) IC fractions, respectively (in accordance
with the sensitivities shown in Fig. B1).

4. Conclusions and future work

This study extends the IC:CG ratio climatology study
carried out in BO1 by employing larger datasets and in-
cluding an analysis of IC fraction. We promote the use of
the IC fraction parameter because of its greater statis-
tical stability when small numbers of CG flashes are
involved in the calculation. The strong correlation
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between high IC:CG ratio and positive CG lightning in
the central United States observed by BO1 remains as a
key and stable observation. Quantification of lightning
characteristics in six selected large regions shows a
consistent positive relationship between IC fraction and
the percent of positive CG flashes, irrespective of
lightning incidence (flash density), dominant season,
and diurnal maximum period, thereby extending the
correlation reported by BO1 to large regions throughout
CONUS. Our error analyses indicate that the high
IC:CG ratio and IC fraction values observed in a small
portion of northeastern Oregon and southeastern
Washington, and in central California, likely reflect real
climatological differences in these regions, and we have
no clear explanations. The uncertainties in the observed
dataset are not significant enough to discount these large
and spatially coherent regional variations.

Several other observations extend and refine the
findings by B0O1. The high IC:CG ratio (>4) throughout
much of Texas reported by BO1 is not reflected in this
longer-term climatology, and this is likely the result of
reduced sampling errors and more complete climato-
logical observations. Both the NLDN and satellite
datasets reported enhanced lightning over the Gulf
Stream, but there was no clear variation in the relative
occurrence of IC and CG flashes. There were also no
abrupt changes at the Atlantic or Gulf of Mexico
coastlines. This finding is interesting since estimated
peak current (and energy) of first strokes in CG flashes is
clearly enhanced offshore near the coastline (Orville
et al. 2011; Cooray et al. 2014; Hutchins et al. 2013; Said
et al. 2013; Nag and Cummins 2017).

The uncertainty in the satellite-derived lightning flash
density climatology over CONUS was estimated using a
statistical method and was shown to vary by region,
providing a quantitative means to evaluate the signifi-
cance of regional variations in lightning incidence and
the relative occurrence of IC and CG flashes. Addi-
tionally, biases and variability in the satellite-derived
lightning incidence due to nonuniform sampling by
season and time of day are shown to be modest (a few
percent).

Future efforts to assess weather and climate variations
of the relative occurrence of IC and CG flashes using
data from the Geostationary Lightning Mapper (GLM)
should probably employ the GLM flash definition for all
datasets. These flashes could then be assigned to be IC
or CG depending either on the occurrence of CG strokes
within the time-space domain of each flash, or on sta-
tistical classification of the IC fraction within the GLM
dataset, as suggested by Koshak and Solakiewicz (2015).
This will eliminate uncertainty due to differences in flash
grouping.
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Many important questions remain. The underlying
mechanisms that modulate IC fraction are not fully
understood, and the findings here suggest that they are
not solely driven by flash rate (incidence) or storm in-
tensity. There seems to be a positive correlation be-
tween IC fraction and the percentage of positive CG
flashes in most regions, but the relationships are not
unique. Terrain variations appear to help define
boundaries between large regions with different IC
fractions, but this is not always the case. A reliable
global IC fraction climatology will likely add some
clarity to the regional factors that modulate these re-
lationships. Additionally, more consistent exploration
of IC fraction and the percent of positive CG flashes in
weather-related studies will help clarify mechanisms and
may provide valuable information about the time evo-
lution of severe weather.
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APPENDIX A

Satellite Sampling Errors

This appendix provides an analysis of errors in the
satellite-derived lightning flash density resulting from
limited view time. There are two sections: one that ad-
dresses random sampling errors due to limited total view
time and one that addresses bias errors due to non-
uniform sampling over both season and time of day.

a. Sampling errors

One of the most significant sources of error in the
satellite-derived flash density is the limited view time for
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any given location on Earth. Over the contiguous
United States, the yearly OTD view time is between 12
and 16 h, accumulated from numerous individual over-
passes lasting about 3min (Christian et al. 2003). The
LIS annual view time over the contiguous United States
is between 16 and 33h, accumulated from numerous
individual overpasses lasting about 90s (C14).

An approximation to the RMS fractional error for
each specific nonsmoothed 0.5° X 0.5° grid can be pro-
duced by computing the standard deviation among that
grid and its 24 nearest neighbors, and normalizing that
value by an estimate of the mean for that grid location.
The likely existence of some correlation among this grid
value will tend to reduce the measured variation, and
any underlying variation in the true lightning incidence
will increase it. Since the nonsmoothed High Resolution
Flash Climatology (HRFC) data were used in the initial
error calculation, the resulting value must be scaled
down by the expected error reduction resulting from
applying a 5 X 5 grid Gaussian filter with a 1-grid stan-
dard deviation as was done to produce the flash density
analyses in this paper (see the methods section in section
2). If one assumes that these 25 grids have independent
measurement errors, then the smoothing will reduce the
standard deviation by a multiplicative factor of 0.287
(based on the specific weights in the Gaussian filter).

This calculation, shown in Fig. A1, serves as an upper
bound because it also includes true local variations that
can occur within the roughly 140-km radius used for
smoothing around a half-degree grid region. The dark
blue areas near high-error (lighter blue) regions have
RMS deviations greater than 0.45 times the mean, and
the bright yellow areas have errors at or below 0.07 (7%)
of the mean. Most of the LIS domain within the United
States (below 38°N) has fractional deviations below 0.1.
The values are larger in western Arizona and Southern
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FIG. A2. Satellite fractional RMS deviation in the northwestern
United States.

California dues to lower flash density values. Most of the
OTD domain in the United States exhibits RMS errors
in the range of 0.1-0.25, except near the West Coast
where flash densities are <1 flash km 2yr ! (see Fig. 2
in the body of the paper). The large values (>0.25) off
the coast of Florida, the Gulf of Mexico, the Gulf of
California, and Cuba are due to the large gradient of
flash density at the land-sea boundary (see Fig. 2), and
therefore do not reflect actual sampling errors. Simi-
larly, the large values off the northeast coast of the
United States are collocated with a large spatial gradient
of lightning density as the Gulf Stream swings eastward.
Finally, the large values (dark blue) in northeast Canada
are due to low flash density.

The uncertainty in the flash density in the north-
western United States is of great interest in this study,
since there are portions of this area that exhibit IC
fractions larger than those found in the central Great
Plains (>0.9.; see Fig. 6 in the body of the paper).
Figure A2 provides a ““zoom in” on the fractional de-
viation in this area. Although the color scale is limited to
0.85, there are values exceeding 1.5 (150%). The frac-
tional deviation in northeast Oregon and southeast
Washington are between 10% and 25%. This in-
formation is used in our interpretation of cloud fraction
and Z ratio in the northwestern United States.

As noted above, there is concern that this analysis
overestimates the RMS fractional error in regions
where the actual spatial gradient of flash density is
high. To address this concern, one of the authors
(KLC) has undertaken an extensive statistical study of
this sampling uncertainty that employs NLDN data.
Results from this study provide very similar error es-
timates, and these will be published in a separate
technical manuscript.
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These estimates of random error due to limited view
time do not address bias errors associated with non-
uniform sampling as a function of season or time of day.
This is addressed in the following section of this
appendix.

b. View time biases

View time biases occurred for both diurnal and sea-
sonal time references. The seasonal variation in sam-
pling, which can be viewed as a monthly sampling
problem, occurred because of extended periods of
missing data. For OTD, there were 31 periods through
the 5-yr mission with more than 2 consecutive days of
missing data. For all months except for June, OTD
produced data for 80%—-93% of the available view time.
OTD observed data for only 67% of the available view
time for June. Moving on to the diurnal sampling vari-
ation, this occurred as a direct result of the satellite orbit,
as well as missing data. For OTD, diurnal view time
varied somewhat by region, but was about a factor of 2
within a region, having a sinusoidal pattern.

In this appendix, we evaluate these two view time
biases through the United States and their potential
impact on results provided in this paper. NASA’s HRFC
and Low Resolution Full Climatology (LRFC) flash
densities are not corrected for seasonal and diurnal view
time biases. However, unbiased annual flash density
climatologies can be formed from the diurnal and
monthly climatologies provided in their High Resolu-
tion Monthly Climatology (HRMC) and Low Resolu-
tion Diurnal Climatology (LRDC) datasets, as discussed
below (see C14 for further details).

For the monthly analysis, the HRFC and HRMC
datasets were used. The values for each monthly HRMC
map were scaled by the number of days in that month
and then all monthly scaled values were added together
to make an unbiased annual climatology. Since the
“raw” HRMC data were already smoothed using a
2.5° X 2.5° boxcar, the HRFC raw data were smoothed
(prior to comparison) using the same boxcar filter. An
“anomaly” dataset was produced by subtracting the
HRFC climatology from the HRMC “monthly” clima-
tology, then dividing by the average of the two, which
was then expressed as a percentage. The results are
shown in Fig. A3. A positive value indicates higher
density for the monthly (unbiased) data while negative
values indicate a higher density for the full climatology.
There is very little difference in the LIS domain, and less
than 10% difference in most of the OTD domain within
the United States and north of about 38.5° latitude. Near
38°N there are large differences between the two data-
sets, which is a result of view-time-related differences
between the LIS and OTD observations and the
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FI1G. A3. The percentage difference between the HRMC monthly
climatology and the HRFC boxcar filter climatology.

associated smoothing. Figure A4 shows separate histo-
grams of the percent deviation for north of 38°N and
south of 38°N, as well as the cumulative distribution of
the difference throughout CONUS. Data near 38°N
were excluded from these histograms. This figure also
includes the mean and standard deviations for the two
regions. The mean difference above 38°N is +4.64%,
indicating that the annual “full” (OTD) flash density
may be somewhat low in that area. The associated per-
centage standard deviation is only 0.69%. The region
below 38°N has a mean bias of 1.19%, with the same
value for the standard deviation. Given the overall range
of percent deviations between about —7% and +9%
(see the red cumulative curve for all of CONUS),
monthly sampling biases are not significant, particularly
in the light of the underlying sampling errors shown in
the first section of this appendix.

For the diurnal bias assessment, the LRDC and the
LRFC datasets were used. The values for each hourly
LRDC map were added together and scaled by 365.25 to
create an unbiased annual climatology. Because of the
large grids (2.5° X 2.5°) no additional smoothing was
done. The low-resolution annual flash climatology was
subtracted from this value for each grid, and their dif-
ference was divided by their mean and scaled to be a
percentage. The results are presented in Fig. AS; here
the positive values indicate higher density in the diurnal
(unbiased) dataset while negative values indicate higher
density for the full climatology. The areas with the
largest (10%-20%) positive values are northern Nevada,
Utah, western Colorado, and just east of New York.

Our area of interest in northeast Oregon, southeast
Washington, and western Idaho exhibit a 5%-15%
negative bias, suggesting that the uncorrected flash
density is 5%—15% higher than one would get using the
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FIG. A4. Cumulative sum (line plot) and the histograms (bars)
for the differences between the HRMC monthly climatology and
the HRFC boxcar filter climatology.

diurnally normalized (unbiased) density. This is par-
tially offset by the opposite-polarity bias in the monthly
analysis described above, so we characterize the overall
bias in this region as about 5%-10% too high in our
satellite-derived flash density above 38°N. Our sensi-
tivity analyses in appendix B suggest that a 10% over-
estimate of total lightning will result in a 1.2%
overestimate of cloud fraction and a 10% overestimate
of the IC:CG ratio in this area.

A similar set of histograms as those shown in Fig. A4
were generated for the diurnal percentage differences,
and are shown in Fig. A6. The mean difference above
38°N is —2.21%. The associated standard deviation is
only 2.81%, which is larger than the mean value. The
region below 38°N has a mean bias of —0.12%, with an

Percent Deviation

FIG. AS. The percentage difference between the LRDC diurnal
climatology and the LRFC climatology.



4496

60

I below 38N
N above 38N

Total Cum

o
©

54 - Region Mean Sid.Dev.
>38N 221 2.81
<38N  -0.12 0.43

48

o
™

o o ©
o o N

Percent of Grids
w
o
o
iy

Cumulative Fraction

-25 -20 -16 -10 -5 0 5 10 15 20 25
Percent Deviation

FIG. A6. Cumulative sum (line plot) and the histograms (bars)
for the differences between the LRDC monthly climatology and
the LRFC boxcar filter climatology.

associated standard deviation pf 0.43%. The overall
range of percent deviations is between about —16%
and +12% (see the red cumulative curve for all of
CONUS), established almost exclusively by errors in the
OTD domain above 38°N. Although this error is not
insignificant, it is still smaller than the typical sampling
deviation in the northwestern United States, which is in
the range of 20%-30% (see Fig. A1). There is essentially
no diurnal bias in the LIS domain below 38°N, because
of the much longer observation period.

Given the modest monthly and diurnal biases, we have
made the decision to employ the HRFC data for this study.
If we corrected for these biases, the results would suffer by
having to resort to low resolution (2.5° X 2.5°) data.
Nonetheless, local diurnal biases north of 38° are signifi-
cant enough that they should be taken into consideration
when interpreting the national-scale climatologies.

APPENDIX B

Sensitivity Analysis of IC:CG Ratio and IC Fraction

This appendix addresses the sensitivity of two ways of
expressing the relative occurrence of IC and CG flashes
to uncertainties in the measured quantities. We start
with Egs. (2) and (3) in the body of the paper that define
the IC:CG ratio (defined as R for improved readability)
and the IC fraction F,, which is the fraction of lightning
flashes that do not contact ground.

A sensitivity analysis was carried out to explore the
numerical stability of ¥, and R as a function of the
measured 7" and G density values. This was accom-
plished by taking the total derivative of these functions
as shown in the following equation:
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FIG. B1. Fractional sensitivity of IC:CG ratio Z and IC fraction
F. to a 1% change in total lightning 7 and CG fraction Fg, de-
termined from the total derivative of these functions.

o
T

dT+idG,

df(T,G) = 3G

(B1)
where f represents an arbitrary function with de-
pendence on 7 and G. A convenient form for these
sensitivity equations are shown below:

Cgc _ (Ti_G) Kg) dT - dG] (B2)
(el w

It is evident that the sensitivities in Egs. (B2) and (B3)
share a common scale factor (T — G), but important
differences are seen in the second halves of the equa-
tions. In Eq. (B2), the G/T term “desensitizes” dT (since
it is invariably less than 0.8; typically <0.5), while in Eq.
(B3) the term 7/G accentuates dG (since it is invariable
greater than 1.2; typically >2.0).

Figure Bl shows the fractional sensitivity of the
IC:CG ratio and IC fraction to a 1% change in G or the
T counts, as a function of CG fraction. When there is a
change of 1% in G (dG = 0.01) then dT is set to zero in
the sensitivity equations, and vice versa for changes in 7,
to evaluate these effects separately. As the CG fraction
gets small, the IC:CG ratio sensitivity to changes in G
grows rapidly (dotted line), based on Eq. (B3). The IC
fraction is far less sensitive to small changes in G (dark
solid line). This analysis also shows that the IC fraction is
minimally sensitive to changes in G and T for CG frac-
tions in the range of 0-0.8, but it then becomes more
sensitive at higher values. Since the climatological
minimum IC:CG ratio found in BO1 is 1.0 (IC fraction of
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0.5), this sensitivity is not a practical problem. Also, note
that neither IC:CG ratio nor IC fraction are highly
sensitive to uncertainties in 7 density values.
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