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Abstract

Approximately eight months of co-located spaceborne lidar and lightning observations were analyzed in
a pathfinder study to understand the advantages and challenges of using these combined observations to



understand thunderstorms. Data from the Lightning Imaging Sensor (LIS) and the Cloud-Aerosol Transport
System (CATS) lidar were used when they overlapped on the International Space Station during March-
October 2017. Using simple matching criteria, 8246 LIS flashes occurred within 25 km of the CATS ground
track. CATS cloud-top heights near these flashes showed similar behavior with latitude when compared to a
spaceborne radar-based climatology, but the lidar cloud tops were approximately 2-km higher than 20-dBZ
radar echo tops. CATS cloud phase near LIS flashes was consistent with ice or mixed-phase more than
90% of the time, showing the value of using lightning observations to validate lidar-based feature masks. In
addition, correlations between a proxy for LIS flash rate and CATS ice water path, cloud optical depth, and
cloud-top height were low (0.38-0.42) but positive and highly statistically significant (> 99%), suggesting
lidar retrievals of cloud properties can be meaningfully compared with lightning observations despite lidar’s
known inability to penetrate deeply into optically thick clouds like thunderstorms. Finally, CATS was used
to help diagnose LIS false alarms due to surface-based glint. The false alarm rate was approximately 0.1%,
which demonstrated the excellent performance of the surface glint filter in the LIS processing code. The
results suggest that fruitful scientific insights can be expected from larger combined lidar/lightning datasets.

Plain Language Summary

Data from a laser-based instrument called a lidar (which can measure clouds and aerosols) and an optically
based lightning detection instrument, both hosted on the International Space Station during March-October
2017, were used to study global thunderstorms from space. Because these types of instruments have only
been rarely combined in the past, this study focused on analyzing a small dataset in order to determine
how useful the instrument combination can be. The results found that thunderstorm cloud-top heights slope
downward from the Equator toward the poles, similar to how the tropopause height also slopes downward.
Lidar measurements of cloud properties, like cloud-top height and the amount of ice in the cloud, were
quantitatively related to lightning observations like flash rate. The lidar also was helpful in finding instances
where the lightning instrument accidentally detected glint from the sun on water, snow, etc. instead of
lightning, because there were no lidar-detected clouds nearby. However, this rarely occurred due to how the
lightning instrument’s data are processed. Additional fruitful scientific insights can be expected from other,
larger combined lidar/lightning datasets.

1 Introduction
1.1 Background

Lidar is a common tool for measuring clouds, aerosols, and atmospheric state, and has been used for many
decades from ground-based (e.g., Sassen, 1977), airborne (e.g., McGill et al., 2007), and spaceborne platforms
(e.g., Winker et al., 2006). A fundamental aspect of lidar is its difficulty in penetrating deeply into optically
thick clouds, such as cumulonimbus (i.e., thunderstorms). Nevertheless, some studies have successfully used
lidar to study characteristics of deep convection, thunderstorms, and even lightning. For example, Sassen
(1977) took advantage of relatively high-altitude cloud bases in Wyoming to use a ground-based lidar to
study the optical scattering characteristics of melting precipitation in summertime thunderstorms. Airborne
lidars have been used to document many aspects of thunderstorms as well as their surrounding environ-
ments. For example, Sassen et al. (2000) and Campbell et al. (2005) used lidar to study the microphysical
properties of deep convective cloud tops and thunderstorm anvils. These studies often have made use of
polarization-diversity lidar measurements to infer cloud-particle phase, habit, and orientation within these
anvils, qualitatively similar to how polarimetric microwave radar has been used to study precipitation char-
acteristics deep within thunderstorms (e.g., Kumjian & Ryzhkov, 2008). Outside of precipitation, airborne
lidar has been used to quantify wind profiles near deep convection (e.g., Cui et al., 2020). Meanwhile,
ground-based ozone lidars have been used to document lightning-produced nitrogen oxides (NOx) in the
vicinity of thunderstorms (Wang et al., 2015). Lidar has even been proposed as a method to remotely sense
electromagnetic fields in order to estimate the possibility of lightning strikes outside of clouds (Shiina et al.,
2006).

Combined observations of deep convection from radar, microwave radiometers, infrared spectrometers, and



lidar have also been made (Heymsfield & Fulton, 1988; McGill et al., 2004; van Diedenhoven et al., 2016).
Indeed, these combined measurements with lidar and other instruments form the scientific basis for the Cloud-
Sat and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) missions (Mace et
al., 2009), as well as the overall A-Train satellite constellation (Delanoe & Hogan, 2010) and the future At-
mosphere Observing System (AOS, 2022). Such combined measurements can enable more accurate retrievals
of microphysical processes near cloud top.

However, detailed comparisons between lightning and lidar observations are rare in the literature. One
notable recent study was Allen et al. (2021), which made use of airborne observations from the Fly’s Eye
Geostationary Lightning Mapper Simulator (FEGS; Quick et al., 2021), the Cloud Physics Lidar (CPL;
McGill et al., 2002), and an ultraviolet (UV) visible spectrometer to estimate NOx production by light-
ning. The role played by CPL was to measure cloud-top pressure, which played an important role in the
NOx calculations, while FEGS was used to document the detection efficiencies of ground-based and space-
borne lightning observations for the storms that were studied. However, the airborne lidar and lightning
observations were not directly compared to better resolve thunderstorm structure or processes. Moreover,
coupled spaceborne lidar/lightning studies do not appear to exist in the literature. Potential advantages
and challenges of doing more direct lidar/lightning comparisons are discussed below, particularly from the
perspective of spaceborne platforms.

1.2 Potential advantages of using spaceborne lidar to study thunderstorms

Some potential advantages of spaceborne lidar include its ability to provide a more accurate measurement of
cloud-top characteristics than, for example, spaceborne radar. Cloud-top height has previously been related
to lightning flash rate (e.g., Price & Rind, 1992). In addition, lightning within the overshooting tops of
thunderstorms has been shown to be of significance to thunderstorm electrification and charge structure
(MacGorman et al., 2017). However, echo-top height as determined by radar strongly depends on the
sensitivity of the radar itself. For example, the Ku-band radar used in the Tropical Rainfall Measuring
Mission (TRMM), and the Ku- and Ka-band radars used in the Global Precipitation Measurement (GPM)
mission, have minimum reflectivity sensitivities in excess of 10 dBZ (Kummerow et al., 1998; Hou et al.,
2014). This means that these radars are not sensitive to the weaker echoes associated with true cloud tops
(Hagihara et al., 2014). Lidar has been used to help diagnose cloud-top height underestimates in thermal
imagery as well (e.g., Sherwood et al., 2004).

In addition, lidars are able to infer the dominant phase of hydrometeors near cloud top (Yoshida et al.,
2010), as well as other microphysically related attributes like cloud optical depth and ice water content
(IWC) and path (IWP; e.g., Avery et al., 2012). That being said, optical measurements do not penetrate
deeply into thick clouds, particularly deep convection. However, studies like Rutledge et al. (2020) have
demonstrated that near-cloud-top measurements of thunderstorms are useful as their optical properties have
(among other things) implications for the detection efficiency of optically based lightning mappers like the
Lightning Imaging Sensor (LIS; Kummerow et al., 1998; Blakeslee et al., 2020). In addition, lidars are
capable of providing vertical structure information within the portions of clouds they do penetrate.

Lidars have been in space for longer than a decade (Winker, 2022), providing climate-quality records of
cloud properties. This time period overlaps both LIS and Geostationary Lightning Mapper (GLM; Rudlosky
et al. 2019) observations for many years. This means that there may be enough conjunctions between
these two observations that useful analysis of thunderstorm properties could be performed. Moreover, lidars
are planned to be part of the forthcoming AOS (2020), while GLMs and other spaceborne observations of
lightning are also planned into the near future (e.g., Holmlund et al., 2021).

Though these data were not examined in this study, lidars are capable of detecting and categorizing aerosol
properties (Ceolato & Berg, 2021). Since aerosols have been shown to be important for the strength and
properties of convection, including thunderstorms (Khain et al., 2005), combining lidar observations of both
cloud and aerosol properties with lightning observations could provide potentially useful information about
thunderstorm-aerosol interactions. Moreover, it would be of interest to perform composition studies like



Allen et al. (2021) using spaceborne platforms to provide a more global perspective on NOx production by
lightning.

1.3 Potential challenges of using spaceborne lidar to study thunderstorms

All the above being said, there are significant challenges to using lidar to study thunderstorm properties. In
addition to lidar’s well-known inability to penetrate thick clouds, the sampling characteristics of spaceborne
lidar and lightning observations are very different. For example, lightning observations from LIS and GLM
are distributed horizontally, and include information about flash two-dimensional (2D) location (Rudlosky
et al., 2019; Blakeslee et al., 2020). But they do not measure the vertical structure of lightning. On the other
hand, lidars typically measure along a nadir curtain (Yorks et al., 2016; Winker, 2022), which means they
provide vertically distributed observations that lack horizontal context. Thus, care needs to be taken when
comparing spaceborne lidar and lightning datasets, but no well-tread analysis pathways exist with comparing
these two datasets unlike, e.g., radar and lightning datasets (Rust & Doviak, 1982; Lopez & Aubagnac,
1997; Wiens et al., 2005; Carey et al., 2019). There is utility in exploring a small overlapping dataset of
spaceborne lidar observations of thunderstorms, to better understand the advantages and challenges of doing
this combined analysis, without committing significant resources on a “wild goose chase” if the analysis does
not yield much scientific value.

1.4 Goals of this study

As it turns out, such a small overlapping dataset exists. For just short of 8 months in 2017, the Cloud-Aerosol
Transport System (CATS) lidar (Yorks et al., 2016) overlapped with a LIS instrument on the International
Space Station (ISS). As will be shown in this study, these co-located instruments provided a useful dataset
for demonstrating the value of using lidar to study thunderstorm characteristics. This paper will discuss the
advantages and challenges associated with this combined analysis, and will provide a path forward for more
detailed analysis using larger overlapping datasets.

2 Data and Methodology
2.1 ISS LIS

The International Space Station Lightning Imaging Sensor (ISS LIS) is a high-speed camera (500 frames per
second) affixed to a telescope that detects lightning via monitoring transients at 777.4 nm. LIS is a modified
flight spare of the TRMM LIS (1997-2015) instrument, hosted within the 5th Space Test Program — Houston
(STP-H5) payload, launched in 2017.

ISS LIS extends TRMM LIS time series observations, expands latitudinal coverage, provides near-realtime
data to operational users, and enables cross-sensor calibrations (e.g., with GLM). A thorough review of
the ISS LIS sensor is provided in Blakeslee et al. (2020). The instrument’s flash detection efficiency is
approximately 60%, with sub-pixel (< 4 km) location accuracy and sub-frame (< 2 ms) timing accuracy.
Quality-controlled, flash-level data and science backgrounds from ISS LIS (Blakeslee 2000a, b) were used in
this study. These data are available starting 1 March 2017.

2.2 CATS

The CATS lidar made range-resolved measurements of clouds and aerosols at 1064 and 532 nm during 2015-
2017 (Yorks et al., 2016). CATS had a vertical resolution of 60 m and a horizontal resolution of 5 km. The
Level 2 products used in this study included vertical feature mask (e.g., liquid vs. frozen cloud, or aerosol
type), as well as profiles of cloud properties (e.g., IWC, cloud optical depth).

CATS overlapped on the ISS with LIS during 1 March through 29 October 2017. After this period the
CATS instrument’s mission concluded. Coincidentally, the original CATS ray-tracing code was adapted
and used within ISS LIS geolocation routines (Lang, 2019), which have been demonstrated to provide the
aforementioned sub-pixel (< 4-km) location accuracy for LIS-detected lightning (Blakeslee et al., 2020). The
previous TRMM-based LIS geolocation code was found to be not easily translated to the ISS.



2.3 Combining LIS with CATS

Combining the 2D horizontally distributed LIS dataset is not straightforward to do with the vertically
profiling CATS lidar measurements. Since CATS provided a nadir-focused curtain, the first step to combining
the datasets was to threshold on LIS flash centroid distance from the CATS ground track. During the nearly
8-month overlap period, this study determined that 8246 ISS LIS flashes had centroids within 25 km of the
CATS ground track. The 25-km threshold was chosen to balance obtaining a co-location dataset large enough
to enable useful statistical analysis, while still only comparing lightning that was close enough to the ground
track to be potentially physically related to CATS-measured cloud properties. Sensitivity experiments were
also performed with 50- and 10-km ground-track distance thresholds. These results (not shown), were found
to be qualitatively similar to the 25-km results discussed in this paper.

An example of a typical LIS/CATS matchup is shown in Fig. 1. Near 0903 UTC on 15 March 2017,
CATS shows high-level cloud (close to 17 km MSL maximum height), a few km below which the signal is
attenuated (Fig. la). The cloud itself is identified as primarily ice by the CATS feature mask (Fig. 1b).
This is suggestive of the anvil region above and around deep convection. Meanwhile, more than a dozen
ISS LIS flashes are identified whose centroids are within 25 km of the CATS ground track around this same
time. This figure (and hundreds like it, not shown) demonstrate that these very different datasets can be
combined to provide meaningful qualitative information about thunderstorms.

In order to explore the ability to retrieve more quantitative conclusions about thunderstorms using the com-
bined dataset, an automated statistical analysis of CATS-retrieved cloud properties near ISS LIS measured
lightning was performed. When lightning was observed, the maximum values of cloud parameters (e.g.,
IWP, cloud-top height, optical depth) within 50 km along the CATS track were determined. In addition,
clusters of lightning flashes were identified (e.g., like in Fig. 1) using the Density-Based Spatial Clustering
of Applications with Noise (DBSCAN) algorithm (Ester et al., 1996) with a minimum of 1 flash to create a
cluster, and a maximum distance of 50 km between flashes in a cluster. The total number of flashes in each
of these clusters was similarly compared to maximum values of CATS cloud properties within 50 km along
the ground track. The use of the 50-km distance threshold along the track was to allow for the possibility
that CATS did not gain a well-placed overpass of the relevant thunderstorm’s core.
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Figure 1. (a) Time-height plot of CATS feature mask with ISS LIS flashes overlaid for half an ISS orbit
on 15 March 2017. ISS LIS flash times are plotted vs. distance from CATS ground track (not flash height,



which LIS does not measure). (b) Time-height plot of CATS cloud phase with ISS LIS flashes overlaid for
half an ISS orbit on 15 March 2017. ISS LIS flash times are plotted vs. distance from CATS ground track
(not flash height, which LIS does not measure).

In addition to the above statistical analysis, a manual review of combined LIS/CATS quicklooks (e.g., Fig.
1) was performed. A major focus of this review was to identify LIS lightning that did not appear to occur
near CATS-identified clouds. These potential false alarms were further studied using manual inspection
of daytime LIS/CATS matchups using geolocated ISS LIS backgrounds, which are available every 30-60
seconds from LIS. These backgrounds (Blakeslee, 2020b) were geolocated using the ISS_Camera_Geolocate
open-source software (Lang, 2019), originally developed in support of the Schultz et al. (2020) study.

2.4 Other datasets used

To assess the distribution of radar-observed echo-top heights, for comparison to CATS-measured thunder-
storm cloud-top heights, we examine TRMM and Global Precipitation Measurement (GPM) Precipitation
Features radar precipitation features (RPFs; Liu et al., 2008) for March through October 1998-2014 (TRMM)
and 2014-2020 (GPM). The RPFs are defined as contiguous areas of at least 4 pixels of precipitation as de-
tected by the TRMM Precipitation Radar (PR) or the GPM Dual-Frequency Precipitation Radar (DPR)
Ku-band radars. These radars have minimum threshold reflectivities of 17 dBZ and 12 dBZ, respectively.
Pixel size is roughly 20 km2. For each RPF, radar and passive microwave characteristics (e.g., echo-top
heights, reflectivity profiles, and brightness temperatures) are provided, but in this study the focus was
primarily on echo-top heights. In order define features with lightning, the coincident LIS data were used for
TRMM RPFs. The GPM Core satellite does not have a lightning imager onboard, and therefore GPM RPFs
were co-located with World Wide Lightning Location Network (WWLLN; Virts et al., 2013) data within a
+/- 10-minute window in the boundary of the feature (Liu, 2020).

3 Results
3.1 Histograms of cloud- and echo-top height

Figure 2 shows a 2D histogram of CATS-measured maximum cloud-top-height vs. latitude within 50 km
along the CATS ground track of at least one LIS-detected flash (Fig. 2a). The histogram is normalized
but no adjustments for sampling frequency have been made due to the short time period of analysis (<
8 months). March-October 2017 primarily covers the spring, summer, and early fall seasons (i.e., warm
season) in the northern hemisphere. Within 10° S to 20° N latitude, thunderstorm maximum cloud-top
height was most frequently 16-17 km MSL. A downward sloping in maximum cloud-top height occurred
toward the northern mid-latitudes, reflecting the general downward sloping of the tropopause toward the
poles (Santer et al., 2003). Of course, as is well known thunderstorm heights are not fully constrained by
the tropopause (Liu & Zipser, 2005). Regardless, within 35-50° N the thunderstorm cloud-top height most
commonly ranged between 10 and 14 km MSL. Note the relatively few samples south of 10° S, reflecting the
LIS/CATS dataset’s focus on the northern hemisphere’s warm season.

To help validate the conclusions implied by Fig. 2a, histograms for TRMM (Fig. 2b) and GPM RPF (Fig.
2¢) maximum 20-dBZ echo-top height vs. latitude are shown for all RPFs with at least one LIS- or WWLLN-
detected lightning flash during March through October (1998-2014 for TRMM, 2014-2020 for GPM). Due to
the longer time periods for analysis, the TRMM and GPM histograms were normalized by sampling frequency.
Note that TRMM was inclined at a much lower orbital angle (35°) than either ISS (57°) or GPM (65°), so
latitudinal coverage was reduced relative to the other two platforms. Regardless, both TRMM and GPM
suggest that thunderstorm 20-dBZ echo-top heights are lower by approximately 2 km than lidar-inferred
cloud-top heights. The downward sloping of the echo-top heights toward the poles (with approximately the
same slope as Fig. 2a), as well as the preference for thunderstorms in the northern hemisphere during May-
October, are also apparent. This suggests the added value of using a lidar over a radar to obtain a more
accurate measurement of cloud-top height, but also implies a way to use lidar observations to help scale radar
echo-top heights to cloud-top heights if only a radar is available (at least from an average global perspective).
Moreover, this analysis also helps validate the matching criteria for the LIS/CATS comparison.



(a) CATS max cloud height for nearby ISS LIS lightning
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Figure 2. (a) Two-dimensional histogram of the frequency of CATS maximum cloud-top height vs. latitude,
when at least one ISS LIS flash is detected, for March-October 2017. (b) Two-dimensional histogram of
maximum 20-dBZ echo-top height vs. latitude for TRMM RPFs with at least one LIS-detected flash during
March-October 1998-2914. (c¢) Two-dimensional histogram maximum 20-dBZ echo-top height vs. latitude
for GPM RPFs with at least one WWLLN-detected flash during March-October 2014-2020. Frequency
values below 0.0005 are not shown in any of these subplots.

3.2 Comparison of thunderstorm characteristics

It is also of interest to compare LIS-detected lightning to CATS-inferred thunderstorm properties, such as
IWP, dominant hydrometeor type, optical depth, and other characteristics. For this analysis, it is understood
that a lidar cannot penetrate deeply into optically thick thunderstorms, and that statistical correlations thus
will be significantly reduced compared to standard radar-lightning comparisons (Wiens et al., 2005; Carey
et al., 2019). However, Rutledge et al. (2020) demonstrated that passive infrared measurements of cloud
properties (again, largely limited to near-cloud-top characteristics) can still provide useful physical insights
into thunderstorm properties. Thus, the success criteria for this lidar-based analysis were modest, and the



primary goals were to demonstrate weak yet statistically significant (and physically meaningful) correlations
between lightning and cloud properties.

First, the CATS hydrometeor feature mask was analyzed when lightning was detected by LIS. For this, the
analysis took advantage of the fact that the CATS hydrometeor mask uses an increasing index scale ranging
from 0 (no cloud), to 1 (liquid cloud), to 2 (undetermined cloud phase), to 3 (ice cloud), and determined the
frequency of the highest value index within 50 km of lightning along the CATS ground track. The results are
shown in Fig. 3. Over 90% of profiles with lightning were associated with ice-phase or undetermined (likely
mixed-phase) cloud. Only 7% of profiles were associated with liquid cloud. Assuming that CATS is not
providing evidence of solely warm-phase clouds producing lightning, this suggests that CATS’ hydrometeor
mask can identify ice-containing cloud with better than 90% accuracy (notable given validation of radar-
based hydrometeor identification is difficult; e.g., Ryzhkov et al., 2005), and thus demonstrates the value
of using lightning observations to validate remote sensing of hydrometeor type. Moreover, given that lidar
cannot penetrate deeply into optically thick clouds, one cannot rule out the presence of ice below the cloud-
top-biased lidar observations, nor can one rule out the fundamental differences in LIS and CATS sampling
geometry contributing to any discrepancies. The very small number of “no cloud” observations are also
notable and will be analyzed in detail later in the next subsection.
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Figure 3. Bar plot showing frequency of “maximum” CATS cloud-top phase index when at least one LIS
flash was detected.
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Figure 4. (a) Maximum CATS IWP near a cluster of ISS LIS flashes vs. number of flashes in the cluster.
The best-fit line is shown in red. (b) Maximum CATS cloud optical depth near a cluster of ISS LIS flashes
vs. number of flashes in the cluster. The best-fit line is shown in red. (c) Maximum CATS cloud-top height
near a cluster of ISS LIS flashes vs. number of flashes in the cluster. The best-fit line is shown in red.

Next, LIS-detected flashes were clustered following the methodology described in Section 2.3 and compared
to the maximum CATS-inferred cloud properties (IWP, cloud-top height, and optical depth) within 50 km of
the cluster along the CATS ground track, and the results are shown in Fig. 4. At first glance, the results are
not as good as radar-lightning analyses (e.g., Wiens et al., 2005), but in all subpanels the best-fit lines have
Spearman correlations ranging between +0.38-0.42, with significance values > 99%. That is, the analysis
found that linear correlations between a proxy for lightning flash rate and IWP (Fig. 4a), cloud optical depth
(Fig. 4b), and cloud-top height (Fig. 4c) were all positive (which is expected and physically meaningful) and
highly statistically significant. These metrics demonstrate the utility of comparing lightning measurements
with lidar-inferred cloud properties, satisfying the success criteria for this analysis. Higher-power polynomial
fitting (e.g., 5th power relationships like Price and Rind, 1992) was not attempted due to the relatively small
number of samples available in this study. Instead, the focus was simply to determine whether simple yet
statistically significant relationships could be found.



3.3 Using lidar to explore LIS false-alarm rate

Blakeslee et al. (2020) reported an ISS LIS false alarm rate (FAR) under 5%, based on comparisons with
other reference lightning datasets. This FAR likely results from unfiltered radiation-induced noise as well
as a combination of unfiltered cloud-based and surface-based solar glint. The latter is nominally controlled
by a surface glint filter already contained within the ISS LIS processing code. This filter checks for the
continuous occurrence of transients over many successive frames (not just intermittently like lightning) in a
location that stays fixed within the instrument’s frame of reference (similar to how solar glint appears to an
observer when viewing from, e.g., an airplane flying over the sunlit ocean). It would be useful to use CATS
“no cloud” null cases (Fig. 3) to evaluate the performance of this surface glint filter.
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Figure 5. (a) Raw, un-geolocated ISS LIS background image from approximately 2044 UTC on 1 June 2017.
(b) The same ISS LIS background image but geolocated, showing ISS LIS events detected in the domain of
the image during the overpass. The suspect LIS flash not seen near CATS-inferred cloud also is indicated,
and LIS and CATS boresight ground tracks are shown.

Of the 8246 LIS/CATS matchups, 105 (1.3%) have no CATS-identified cloud within 50 km along the CATS
ground track (further constrained by the flash centroid needing to be within 25 km distance perpendicular
to the CATS ground track). Of these 105 candidate false alarms, 65 occurred during daytime (777.4 nm
backgrounds during night have limited utility for this paper’s analysis) and have nearly coincident ISS
LIS backgrounds (within approximately 30-60 seconds, the frequency with which LIS provides background
imagery, as discussed in Section 2.3).

Manual review of these geolocated backgrounds, with LIS lightning overlaid, was performed. This analysis
found that the vast majority of candidate false alarms were similar to Fig. 5, where obvious convection (in
this case, over Hispaniola) is in the LIS field of view and the presence of lightning is reasonable to infer. This
case demonstrates the fundamental limitations of co,paring 2D horizontal lightning observations with lidar
nadir curtains: Sometimes, obvious connections are just missed. Tightening distance thresholds obviously
would improve on this, at the cost of reducing the total size of the already small LIS/CATS dataset. At the
same time, the fact that only "1% of LIS/CATS comparisons with the chosen distance thresholds couldn’t
find at least some cloud in the vicinity of lightning is highly encouraging for the approach adopted in this
study.
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Figure 6. (a) Raw, un-geolocated ISS LIS background image from approximately 0953 UTC on 9 August
2017. (b) The same ISS LIS background image but geolocated, showing ISS LIS events detected in the
domain of the image during the overpass. The suspect LIS flash not seen near CATS-inferred cloud also is
indicated, and LIS and CATS boresight ground tracks are shown.

Further analysis found only 6 instances where there were no apparent clouds in the LIS backgrounds. An
example is shown in Fig. 6, which appears to show glint from a water surface (in this case, the Persian
Gulf) made it through LIS data filters. Other cases (not shown) suggest that snow fields in mountainous
regions also may have contributed to these false alarms. Overall, this analysis demonstrated that the surface
glint-based FAR for ISS LIS is 70.1% during daytime (6 confirmed false alarms out of 65 candidates, which
themselves only represented ~1% of the daytime matchup dataset). Since these surface glint filters were
inherited from the long-term TRMM LIS mission, this excellent performance is a highly encouraging sign of
the quality of the long-term combined LIS dataset (1997-present).

4. Discussion and Conclusions

This was a pathfinder study that made use of a short ("8-month) overlapping dataset to explore the viability
of combining spaceborne lidar and lightning observations to study thunderstorms. The results demonstrate
that lidar observations can provide insight into the global thunderstorm climatology, are realistically corre-
lated with lightning characteristics such as flash rate despite the lack of deep penetration into thunderclouds,
and enable new methods for quality control and validation of spaceborne optical lightning observations.

Specifically, this study found that lidar-inferred cloud tops near lightning behave realistically given how
the tropopause slopes downward from the tropics to the poles. In addition, these cloud-tops average ap-
proximately 2-km higher in altitude compared to radar-based climatologies using 20-dBZ echo tops. This
demonstrated the advantage of using lidar as a more accurate measure of cloud-top height compared to less-
sensitive Ku-band radar (e.g., TRMM, GPM), but at the same time also points toward a way to use lidar
to help scale radar-based climatologies to more accurately convert echo-top heights to cloud-top heights.

Moreover, this study found that a proxy for lightning flash rate shows reasonable behavior relative to lidar-
retrieved cloud properties, such as cloud optical depth, cloud-top height, and IWP. The results also demon-
strated that CATS’ cloud-top phase retrieval worked with likely 90% or better accuracy.

Finally, this study determined that the false alarm rate for LIS-identified flashes associated with no nearby
cloud (e.g., solar glint off water) is "0.1%. This demonstrated that the surface glint filters in the ISS LIS
processing code (inherited from the much longer TRMM dataset) are working extremely well and that surface
glint likely is a nearly negligible contributor to LIS false alarms (which have been estimated at less than
5% of the LIS dataset; Blakeslee et al., 2020). This is in contrast to, e.g., GLM where surface glint has
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been a major contributor to false alarms, particularly before implementation of the blooming filter in GLM
processing (Rudlosky et al., 2019).

Based on this pathfinder study, fruitful scientific insights are expected from larger combined lidar/lightning
datasets. These could include analysis combining GLM with the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP; Winker, 2022). In addition to building on the analyses performed in the present
study, such an analysis could use CALIOP to help validate stereo retrievals of cloud-top height from dual
GLM observations (Mach & Virts, 2021). Moreover, potential future datasets, including a lidar (or lidars)
hosted on the AOS mission, are also exploitable using lessons learned from this study. These larger datasets
potentially could mitigate some of the limitations of this study, specifically the short time period used here,
which didn’t even cover one full annual cycle. Moreover, a larger dataset also would enable the use of
tighter time/distance thresholds for defining instrument conjunctions, potentially leading to more accurate
comparisons.

In addition, a larger number of samples may allow for detailed investigation of aerosol interactions with
thunderstorms. Since lidar can determine aerosol type (e.g., Omar et al., 2009), lightning enhancement (or
suppression) by smoke, dust, and other aerosol types could be studied.
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Key Points:

o Co-located spaceborne lightning and lidar observations of thunderstorms
were combined in a pathfinder study.

e Thunderstorm cloud-top heights behaved reasonably with latitude, com-
pared to radar echo-top climatologies.

o Comparison to lidar validated the excellent performance of the Lightning
Imaging Sensor surface glint filter.

Abstract

Approximately eight months of co-located spaceborne lidar and lightning obser-
vations were analyzed in a pathfinder study to understand the advantages and
challenges of using these combined observations to understand thunderstorms.
Data from the Lightning Imaging Sensor (LIS) and the Cloud-Aerosol Trans-
port System (CATS) lidar were used when they overlapped on the International
Space Station during March-October 2017. Using simple matching criteria, 8246
LIS flashes occurred within 25 km of the CATS ground track. CATS cloud-top
heights near these flashes showed similar behavior with latitude when compared
to a spaceborne radar-based climatology, but the lidar cloud tops were approx-
imately 2-km higher than 20-dBZ radar echo tops. CATS cloud phase near
LIS flashes was consistent with ice or mixed-phase more than 90% of the time,
showing the value of using lightning observations to validate lidar-based feature
masks. In addition, correlations between a proxy for LIS flash rate and CATS ice
water path, cloud optical depth, and cloud-top height were low (0.38-0.42) but
positive and highly statistically significant (> 99%), suggesting lidar retrievals
of cloud properties can be meaningfully compared with lightning observations
despite lidar’s known inability to penetrate deeply into optically thick clouds
like thunderstorms. Finally, CATS was used to help diagnose LIS false alarms
due to surface-based glint. The false alarm rate was approximately 0.1%, which
demonstrated the excellent performance of the surface glint filter in the LIS pro-
cessing code. The results suggest that fruitful scientific insights can be expected
from larger combined lidar/lightning datasets.

Plain Language Summary

Data from a laser-based instrument called a lidar (which can measure clouds
and aerosols) and an optically based lightning detection instrument, both hosted
on the International Space Station during March-October 2017, were used to
study global thunderstorms from space. Because these types of instruments
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have only been rarely combined in the past, this study focused on analyzing
a small dataset in order to determine how useful the instrument combination
can be. The results found that thunderstorm cloud-top heights slope downward
from the Equator toward the poles, similar to how the tropopause height also
slopes downward. Lidar measurements of cloud properties, like cloud-top height
and the amount of ice in the cloud, were quantitatively related to lightning
observations like flash rate. The lidar also was helpful in finding instances where
the lightning instrument accidentally detected glint from the sun on water, snow,
etc. instead of lightning, because there were no lidar-detected clouds nearby.
However, this rarely occurred due to how the lightning instrument’s data are
processed. Additional fruitful scientific insights can be expected from other,
larger combined lidar/lightning datasets.

1 Introduction
1.1 Background

Lidar is a common tool for measuring clouds, aerosols, and atmospheric state,
and has been used for many decades from ground-based (e.g., Sassen, 1977),
airborne (e.g., McGill et al., 2007), and spaceborne platforms (e.g., Winker
et al., 2006). A fundamental aspect of lidar is its difficulty in penetrating
deeply into optically thick clouds, such as cumulonimbus (i.e., thunderstorms).
Nevertheless, some studies have successfully used lidar to study characteristics
of deep convection, thunderstorms, and even lightning. For example, Sassen
(1977) took advantage of relatively high-altitude cloud bases in Wyoming to use
a ground-based lidar to study the optical scattering characteristics of melting
precipitation in summertime thunderstorms. Airborne lidars have been used to
document many aspects of thunderstorms as well as their surrounding environ-
ments. For example, Sassen et al. (2000) and Campbell et al. (2005) used lidar
to study the microphysical properties of deep convective cloud tops and thunder-
storm anvils. These studies often have made use of polarization-diversity lidar
measurements to infer cloud-particle phase, habit, and orientation within these
anvils, qualitatively similar to how polarimetric microwave radar has been used
to study precipitation characteristics deep within thunderstorms (e.g., Kumjian
& Ryzhkov, 2008). Outside of precipitation, airborne lidar has been used to
quantify wind profiles near deep convection (e.g., Cui et al., 2020). Meanwhile,
ground-based ozone lidars have been used to document lightning-produced ni-
trogen oxides (NOx) in the vicinity of thunderstorms (Wang et al., 2015). Lidar
has even been proposed as a method to remotely sense electromagnetic fields in
order to estimate the possibility of lightning strikes outside of clouds (Shiina et
al., 2006).

Combined observations of deep convection from radar, microwave radiometers,
infrared spectrometers, and lidar have also been made (Heymsfield & Fulton,
1988; McGill et al., 2004; van Diedenhoven et al., 2016). Indeed, these com-
bined measurements with lidar and other instruments form the scientific basis
for the CloudSat and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Ob-
servation (CALIPSO) missions (Mace et al., 2009), as well as the overall A-Train



satellite constellation (Delanoe & Hogan, 2010) and the future Atmosphere Ob-
serving System (AOS, 2022). Such combined measurements can enable more
accurate retrievals of microphysical processes near cloud top.

However, detailed comparisons between lightning and lidar observations are rare
in the literature. One notable recent study was Allen et al. (2021), which made
use of airborne observations from the Fly’s Eye Geostationary Lightning Mapper
Simulator (FEGS; Quick et al., 2021), the Cloud Physics Lidar (CPL; McGill et
al., 2002), and an ultraviolet (UV) visible spectrometer to estimate NOx produc-
tion by lightning. The role played by CPL was to measure cloud-top pressure,
which played an important role in the NOx calculations, while FEGS was used
to document the detection efficiencies of ground-based and spaceborne light-
ning observations for the storms that were studied. However, the airborne lidar
and lightning observations were not directly compared to better resolve thun-
derstorm structure or processes. Moreover, coupled spaceborne lidar/lightning
studies do not appear to exist in the literature. Potential advantages and chal-
lenges of doing more direct lidar/lightning comparisons are discussed below,
particularly from the perspective of spaceborne platforms.

1.2 Potential advantages of using spaceborne lidar to study thunderstorms

Some potential advantages of spaceborne lidar include its ability to provide
a more accurate measurement of cloud-top characteristics than, for example,
spaceborne radar. Cloud-top height has previously been related to lightning
flash rate (e.g., Price & Rind, 1992). In addition, lightning within the over-
shooting tops of thunderstorms has been shown to be of significance to thunder-
storm electrification and charge structure (MacGorman et al., 2017). However,
echo-top height as determined by radar strongly depends on the sensitivity of
the radar itself. For example, the Ku-band radar used in the Tropical Rain-
fall Measuring Mission (TRMM), and the Ku- and Ka-band radars used in the
Global Precipitation Measurement (GPM) mission, have minimum reflectivity
sensitivities in excess of 10 dBZ (Kummerow et al., 1998; Hou et al., 2014). This
means that these radars are not sensitive to the weaker echoes associated with
true cloud tops (Hagihara et al., 2014). Lidar has been used to help diagnose
cloud-top height underestimates in thermal imagery as well (e.g., Sherwood et
al., 2004).

In addition, lidars are able to infer the dominant phase of hydrometeors near
cloud top (Yoshida et al., 2010), as well as other microphysically related at-
tributes like cloud optical depth and ice water content (IWC) and path (IWP;
e.g., Avery et al., 2012). That being said, optical measurements do not pene-
trate deeply into thick clouds, particularly deep convection. However, studies
like Rutledge et al. (2020) have demonstrated that near-cloud-top measure-
ments of thunderstorms are useful as their optical properties have (among other
things) implications for the detection efficiency of optically based lightning map-
pers like the Lightning Imaging Sensor (LIS; Kummerow et al., 1998; Blakeslee
et al., 2020). In addition, lidars are capable of providing vertical structure
information within the portions of clouds they do penetrate.



Lidars have been in space for longer than a decade (Winker, 2022), providing
climate-quality records of cloud properties. This time period overlaps both LIS
and Geostationary Lightning Mapper (GLM; Rudlosky et al. 2019) observations
for many years. This means that there may be enough conjunctions between
these two observations that useful analysis of thunderstorm properties could be
performed. Moreover, lidars are planned to be part of the forthcoming AOS
(2020), while GLMs and other spaceborne observations of lightning are also
planned into the near future (e.g., Holmlund et al., 2021).

Though these data were not examined in this study, lidars are capable of detect-
ing and categorizing aerosol properties (Ceolato & Berg, 2021). Since aerosols
have been shown to be important for the strength and properties of convection,
including thunderstorms (Khain et al., 2005), combining lidar observations of
both cloud and aerosol properties with lightning observations could provide po-
tentially useful information about thunderstorm-aerosol interactions. Moreover,
it would be of interest to perform composition studies like Allen et al. (2021)
using spaceborne platforms to provide a more global perspective on NOx pro-
duction by lightning.

1.3 Potential challenges of using spaceborne lidar to study thunderstorms

All the above being said, there are significant challenges to using lidar to study
thunderstorm properties. In addition to lidar’s well-known inability to pene-
trate thick clouds, the sampling characteristics of spaceborne lidar and light-
ning observations are very different. For example, lightning observations from
LIS and GLM are distributed horizontally, and include information about flash
two-dimensional (2D) location (Rudlosky et al., 2019; Blakeslee et al., 2020).
But they do not measure the vertical structure of lightning. On the other hand,
lidars typically measure along a nadir curtain (Yorks et al., 2016; Winker, 2022),
which means they provide vertically distributed observations that lack horizon-
tal context. Thus, care needs to be taken when comparing spaceborne lidar and
lightning datasets, but no well-tread analysis pathways exist with comparing
these two datasets unlike, e.g., radar and lightning datasets (Rust & Doviak,
1982; Lopez & Aubagnac, 1997; Wiens et al., 2005; Carey et al., 2019). There is
utility in exploring a small overlapping dataset of spaceborne lidar observations
of thunderstorms, to better understand the advantages and challenges of do-
ing this combined analysis, without committing significant resources on a “wild
goose chase” if the analysis does not yield much scientific value.

1.4 Goals of this study

As it turns out, such a small overlapping dataset exists. For just short of 8
months in 2017, the Cloud-Aerosol Transport System (CATS) lidar (Yorks et
al., 2016) overlapped with a LIS instrument on the International Space Station
(ISS). As will be shown in this study, these co-located instruments provided a
useful dataset for demonstrating the value of using lidar to study thunderstorm
characteristics. This paper will discuss the advantages and challenges associated
with this combined analysis, and will provide a path forward for more detailed



analysis using larger overlapping datasets.
2 Data and Methodology
2.1 ISS LIS

The International Space Station Lightning Imaging Sensor (ISS LIS) is a high-
speed camera (500 frames per second) affixed to a telescope that detects light-
ning via monitoring transients at 777.4 nm. LIS is a modified flight spare of the
TRMM LIS (1997-2015) instrument, hosted within the 5th Space Test Program
— Houston (STP-H5) payload, launched in 2017.

ISS LIS extends TRMM LIS time series observations, expands latitudinal cover-
age, provides near-realtime data to operational users, and enables cross-sensor
calibrations (e.g., with GLM). A thorough review of the ISS LIS sensor is pro-
vided in Blakeslee et al. (2020). The instrument’s flash detection efficiency is
approximately 60%, with sub-pixel (< 4 km) location accuracy and sub-frame
(< 2 ms) timing accuracy. Quality-controlled, flash-level data and science back-
grounds from ISS LIS (Blakeslee 2000a, b) were used in this study. These data
are available starting 1 March 2017.

2.2 CATS

The CATS lidar made range-resolved measurements of clouds and aerosols at
1064 and 532 nm during 2015-2017 (Yorks et al., 2016). CATS had a vertical
resolution of 60 m and a horizontal resolution of 5 km. The Level 2 products
used in this study included vertical feature mask (e.g., liquid vs. frozen cloud,
or aerosol type), as well as profiles of cloud properties (e.g., IWC, cloud optical
depth).

CATS overlapped on the ISS with LIS during 1 March through 29 October
2017. After this period the CATS instrument’s mission concluded. Coinciden-
tally, the original CATS ray-tracing code was adapted and used within ISS LIS
geolocation routines (Lang, 2019), which have been demonstrated to provide the
aforementioned sub-pixel (< 4-km) location accuracy for LIS-detected lightning
(Blakeslee et al., 2020). The previous TRMM-based LIS geolocation code was
found to be not easily translated to the ISS.

2.3 Combining LIS with CATS

Combining the 2D horizontally distributed LIS dataset is not straightforward to
do with the vertically profiling CATS lidar measurements. Since CATS provided
a nadir-focused curtain, the first step to combining the datasets was to threshold
on LIS flash centroid distance from the CATS ground track. During the nearly
8-month overlap period, this study determined that 8246 ISS LIS flashes had
centroids within 25 km of the CATS ground track. The 25-km threshold was
chosen to balance obtaining a co-location dataset large enough to enable useful
statistical analysis, while still only comparing lightning that was close enough to
the ground track to be potentially physically related to CATS-measured cloud
properties. Sensitivity experiments were also performed with 50- and 10-km



ground-track distance thresholds. These results (not shown), were found to be
qualitatively similar to the 25-km results discussed in this paper.

An example of a typical LIS/CATS matchup is shown in Fig. 1. Near 0903
UTC on 15 March 2017, CATS shows high-level cloud (close to 17 km MSL
maximum height), a few km below which the signal is attenuated (Fig. 1la).
The cloud itself is identified as primarily ice by the CATS feature mask (Fig.
1b). This is suggestive of the anvil region above and around deep convection.
Meanwhile, more than a dozen ISS LIS flashes are identified whose centroids
are within 25 km of the CATS ground track around this same time. This
figure (and hundreds like it, not shown) demonstrate that these very different
datasets can be combined to provide meaningful qualitative information about
thunderstorms.

In order to explore the ability to retrieve more quantitative conclusions about
thunderstorms using the combined dataset, an automated statistical analysis
of CATS-retrieved cloud properties near ISS LIS measured lightning was per-
formed. When lightning was observed, the maximum values of cloud parameters
(e.g., IWP, cloud-top height, optical depth) within 50 km along the CATS track
were determined. In addition, clusters of lightning flashes were identified (e.g.,
like in Fig. 1) using the Density-Based Spatial Clustering of Applications with
Noise (DBSCAN) algorithm (Ester et al., 1996) with a minimum of 1 flash to
create a cluster, and a maximum distance of 50 km between flashes in a cluster.
The total number of flashes in each of these clusters was similarly compared
to maximum values of CATS cloud properties within 50 km along the ground
track. The use of the 50-km distance threshold along the track was to allow for
the possibility that CATS did not gain a well-placed overpass of the relevant
thunderstorm’s core.
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Figure 1. (a) Time-height plot of CATS feature mask with ISS LIS flashes
overlaid for half an ISS orbit on 15 March 2017. ISS LIS flash times are plotted
vs. distance from CATS ground track (not flash height, which LIS does not
measure). (b) Time-height plot of CATS cloud phase with ISS LIS flashes
overlaid for half an ISS orbit on 15 March 2017. ISS LIS flash times are plotted
vs. distance from CATS ground track (not flash height, which LIS does not
measure).

In addition to the above statistical analysis, a manual review of combined
LIS/CATS quicklooks (e.g., Fig. 1) was performed. A major focus of this review
was to identify LIS lightning that did not appear to occur near CATS-identified
clouds. These potential false alarms were further studied using manual inspec-
tion of daytime LIS/CATS matchups using geolocated ISS LIS backgrounds,
which are available every 30-60 seconds from LIS. These backgrounds (Blakeslee,
2020b) were geolocated using the 1SS _Camera_ Geolocate open-source software
(Lang, 2019), originally developed in support of the Schultz et al. (2020) study.
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To assess the distribution of radar-observed echo-top heights, for comparison
to CATS-measured thunderstorm cloud-top heights, we examine TRMM and
Global Precipitation Measurement (GPM) Precipitation Features radar precip-
itation features (RPFs; Liu et al., 2008) for March through October 1998-2014
(TRMM) and 2014-2020 (GPM). The RPFs are defined as contiguous areas
of at least 4 pixels of precipitation as detected by the TRMM Precipitation
Radar (PR) or the GPM Dual-Frequency Precipitation Radar (DPR) Ku-band
radars. These radars have minimum threshold reflectivities of 17 dBZ and 12
dBZ, respectively. Pixel size is roughly 20 km2. For each RPF, radar and pas-
sive microwave characteristics (e.g., echo-top heights, reflectivity profiles, and
brightness temperatures) are provided, but in this study the focus was primar-
ily on echo-top heights. In order define features with lightning, the coincident
LIS data were used for TRMM RPFs. The GPM Core satellite does not have a
lightning imager onboard, and therefore GPM RPFs were co-located with World
Wide Lightning Location Network (WWLLN; Virts et al., 2013) data within a
+/- 10-minute window in the boundary of the feature (Liu, 2020).

3 Results
3.1 Histograms of cloud- and echo-top height

Figure 2 shows a 2D histogram of CATS-measured maximum cloud-top-height
vs. latitude within 50 km along the CATS ground track of at least one LIS-
detected flash (Fig. 2a). The histogram is normalized but no adjustments for
sampling frequency have been made due to the short time period of analysis (<
8 months). March-October 2017 primarily covers the spring, summer, and early
fall seasons (i.e., warm season) in the northern hemisphere. Within 10° S to
20° N latitude, thunderstorm maximum cloud-top height was most frequently
16-17 km MSL. A downward sloping in maximum cloud-top height occurred
toward the northern mid-latitudes, reflecting the general downward sloping of
the tropopause toward the poles (Santer et al., 2003). Of course, as is well
known thunderstorm heights are not fully constrained by the tropopause (Liu &
Zipser, 2005). Regardless, within 35-50° N the thunderstorm cloud-top height
most commonly ranged between 10 and 14 km MSL. Note the relatively few
samples south of 10° S, reflecting the LIS/CATS dataset’s focus on the northern
hemisphere’s warm season.

To help validate the conclusions implied by Fig. 2a, histograms for TRMM (Fig.
2b) and GPM RPF (Fig. 2¢) maximum 20-dBZ echo-top height vs. latitude are
shown for all RPFs with at least one LIS- or WWLLN-detected lightning flash
during March through October (1998-2014 for TRMM, 2014-2020 for GPM).
Due to the longer time periods for analysis, the TRMM and GPM histograms
were normalized by sampling frequency. Note that TRMM was inclined at a
much lower orbital angle (35°) than either ISS (57°) or GPM (65°), so latitudinal
coverage was reduced relative to the other two platforms. Regardless, both
TRMM and GPM suggest that thunderstorm 20-dBZ echo-top heights are lower
by approximately 2 km than lidar-inferred cloud-top heights. The downward
sloping of the echo-top heights toward the poles (with approximately the same



slope as Fig. 2a), as well as the preference for thunderstorms in the northern
hemisphere during May-October, are also apparent. This suggests the added
value of using a lidar over a radar to obtain a more accurate measurement of
cloud-top height, but also implies a way to use lidar observations to help scale
radar echo-top heights to cloud-top heights if only a radar is available (at least
from an average global perspective). Moreover, this analysis also helps validate
the matching criteria for the LIS/CATS comparison.
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Figure 2. (a) Two-dimensional histogram of the frequency of CATS maximum
cloud-top height vs. latitude, when at least one ISS LIS flash is detected, for
March-October 2017. (b) Two-dimensional histogram of maximum 20-dBZ echo-
top height vs. latitude for TRMM RPFs with at least one LIS-detected flash



during March-October 1998-2914. (c) Two-dimensional histogram maximum
20-dBZ echo-top height vs. latitude for GPM RPFs with at least one WWLLN-
detected flash during March-October 2014-2020. Frequency values below 0.0005
are not shown in any of these subplots.

3.2 Comparison of thunderstorm characteristics

It is also of interest to compare LIS-detected lightning to CATS-inferred thun-
derstorm properties, such as IWP, dominant hydrometeor type, optical depth,
and other characteristics. For this analysis, it is understood that a lidar cannot
penetrate deeply into optically thick thunderstorms, and that statistical corre-
lations thus will be significantly reduced compared to standard radar-lightning
comparisons (Wiens et al., 2005; Carey et al., 2019). However, Rutledge et
al. (2020) demonstrated that passive infrared measurements of cloud properties
(again, largely limited to near-cloud-top characteristics) can still provide useful
physical insights into thunderstorm properties. Thus, the success criteria for
this lidar-based analysis were modest, and the primary goals were to demon-
strate weak yet statistically significant (and physically meaningful) correlations
between lightning and cloud properties.

First, the CATS hydrometeor feature mask was analyzed when lightning was de-
tected by LIS. For this, the analysis took advantage of the fact that the CATS
hydrometeor mask uses an increasing index scale ranging from 0 (no cloud),
to 1 (liquid cloud), to 2 (undetermined cloud phase), to 3 (ice cloud), and de-
termined the frequency of the highest value index within 50 km of lightning
along the CATS ground track. The results are shown in Fig. 3. Over 90% of
profiles with lightning were associated with ice-phase or undetermined (likely
mixed-phase) cloud. Only ~7% of profiles were associated with liquid cloud.
Assuming that CATS is not providing evidence of solely warm-phase clouds
producing lightning, this suggests that CATS’ hydrometeor mask can identify
ice-containing cloud with better than 90% accuracy (notable given validation of
radar-based hydrometeor identification is difficult; e.g., Ryzhkov et al., 2005),
and thus demonstrates the value of using lightning observations to validate re-
mote sensing of hydrometeor type. Moreover, given that lidar cannot penetrate
deeply into optically thick clouds, one cannot rule out the presence of ice below
the cloud-top-biased lidar observations, nor can one rule out the fundamental
differences in LIS and CATS sampling geometry contributing to any discrepan-
cies. The very small number of “no cloud” observations are also notable and
will be analyzed in detail later in the next subsection.
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Figure 4. (a) Maximum CATS IWP near a cluster of ISS LIS flashes vs. number
of flashes in the cluster. The best-fit line is shown in red. (b) Maximum CATS
cloud optical depth near a cluster of ISS LIS flashes vs. number of flashes in
the cluster. The best-fit line is shown in red. (¢) Maximum CATS cloud-top
height near a cluster of ISS LIS flashes vs. number of flashes in the cluster. The
best-fit line is shown in red.

Next, LIS-detected flashes were clustered following the methodology described
in Section 2.3 and compared to the maximum CATS-inferred cloud properties
(IWP, cloud-top height, and optical depth) within 50 km of the cluster along
the CATS ground track, and the results are shown in Fig. 4. At first glance, the
results are not as good as radar-lightning analyses (e.g., Wiens et al., 2005), but
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in all subpanels the best-fit lines have Spearman correlations ranging between
+0.38-0.42, with significance values > 99%. That is, the analysis found that
linear correlations between a proxy for lightning flash rate and IWP (Fig. 4a),
cloud optical depth (Fig. 4b), and cloud-top height (Fig. 4c) were all positive
(which is expected and physically meaningful) and highly statistically significant.
These metrics demonstrate the utility of comparing lightning measurements with
lidar-inferred cloud properties, satisfying the success criteria for this analysis.
Higher-power polynomial fitting (e.g., 5th power relationships like Price and
Rind, 1992) was not attempted due to the relatively small number of samples
available in this study. Instead, the focus was simply to determine whether
simple yet statistically significant relationships could be found.

3.3 Using lidar to explore LIS false-alarm rate

Blakeslee et al. (2020) reported an ISS LIS false alarm rate (FAR) under 5%,
based on comparisons with other reference lightning datasets. This FAR likely
results from unfiltered radiation-induced noise as well as a combination of un-
filtered cloud-based and surface-based solar glint. The latter is nominally con-
trolled by a surface glint filter already contained within the ISS LIS processing
code. This filter checks for the continuous occurrence of transients over many
successive frames (not just intermittently like lightning) in a location that stays
fixed within the instrument’s frame of reference (similar to how solar glint ap-
pears to an observer when viewing from, e.g., an airplane flying over the sunlit
ocean). It would be useful to use CATS “no cloud” null cases (Fig. 3) to evaluate
the performance of this surface glint filter.
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Figure 5. (a) Raw, un-geolocated ISS LIS background image from approxi-
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mately 2044 UTC on 1 June 2017. (b) The same ISS LIS background image but
geolocated, showing ISS LIS events detected in the domain of the image during
the overpass. The suspect LIS flash not seen near CATS-inferred cloud also is
indicated, and LIS and CATS boresight ground tracks are shown.

Of the 8246 LIS/CATS matchups, 105 (1.3%) have no CATS-identified cloud
within 50 km along the CATS ground track (further constrained by the flash
centroid needing to be within 25 km distance perpendicular to the CATS ground
track). Of these 105 candidate false alarms, 65 occurred during daytime (777.4
nm backgrounds during night have limited utility for this paper’s analysis) and
have nearly coincident ISS LIS backgrounds (within approximately 30-60 sec-
onds, the frequency with which LIS provides background imagery, as discussed
in Section 2.3).

Manual review of these geolocated backgrounds, with LIS lightning overlaid,
was performed. This analysis found that the vast majority of candidate false
alarms were similar to Fig. 5, where obvious convection (in this case, over
Hispaniola) is in the LIS field of view and the presence of lightning is reasonable
to infer. This case demonstrates the fundamental limitations of co,paring 2D
horizontal lightning observations with lidar nadir curtains: Sometimes, obvious
connections are just missed. Tightening distance thresholds obviously would
improve on this, at the cost of reducing the total size of the already small
LIS/CATS dataset. At the same time, the fact that only ~1% of LIS/CATS
comparisons with the chosen distance thresholds couldn’t find at least some
cloud in the vicinity of lightning is highly encouraging for the approach adopted
in this study.
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Figure 6. (a) Raw, un-geolocated ISS LIS background image from approximately
0953 UTC on 9 August 2017. (b) The same ISS LIS background image but
geolocated, showing ISS LIS events detected in the domain of the image during
the overpass. The suspect LIS flash not seen near CATS-inferred cloud also is
indicated, and LIS and CATS boresight ground tracks are shown.

Further analysis found only 6 instances where there were no apparent clouds in
the LIS backgrounds. An example is shown in Fig. 6, which appears to show
glint from a water surface (in this case, the Persian Gulf) made it through LIS
data filters. Other cases (not shown) suggest that snow fields in mountainous
regions also may have contributed to these false alarms. Overall, this analy-
sis demonstrated that the surface glint-based FAR for ISS LIS is ~0.1% during
daytime (6 confirmed false alarms out of 65 candidates, which themselves only
represented ~1% of the daytime matchup dataset). Since these surface glint
filters were inherited from the long-term TRMM LIS mission, this excellent per-
formance is a highly encouraging sign of the quality of the long-term combined
LIS dataset (1997-present).

4. Discussion and Conclusions

This was a pathfinder study that made use of a short (~8-month) overlapping
dataset to explore the viability of combining spaceborne lidar and lightning
observations to study thunderstorms. The results demonstrate that lidar ob-
servations can provide insight into the global thunderstorm climatology, are
realistically correlated with lightning characteristics such as flash rate despite
the lack of deep penetration into thunderclouds, and enable new methods for
quality control and validation of spaceborne optical lightning observations.

Specifically, this study found that lidar-inferred cloud tops near lightning be-
have realistically given how the tropopause slopes downward from the tropics
to the poles. In addition, these cloud-tops average approximately 2-km higher
in altitude compared to radar-based climatologies using 20-dBZ echo tops. This
demonstrated the advantage of using lidar as a more accurate measure of cloud-
top height compared to less-sensitive Ku-band radar (e.g., TRMM, GPM), but
at the same time also points toward a way to use lidar to help scale radar-based
climatologies to more accurately convert echo-top heights to cloud-top heights.

Moreover, this study found that a proxy for lightning flash rate shows reasonable
behavior relative to lidar-retrieved cloud properties, such as cloud optical depth,
cloud-top height, and IWP. The results also demonstrated that CATS’ cloud-top
phase retrieval worked with likely 90% or better accuracy.

Finally, this study determined that the false alarm rate for LIS-identified flashes
associated with no nearby cloud (e.g., solar glint off water) is ~0.1%. This demon-
strated that the surface glint filters in the ISS LIS processing code (inherited
from the much longer TRMM dataset) are working extremely well and that sur-
face glint likely is a nearly negligible contributor to LIS false alarms (which have
been estimated at less than 5% of the LIS dataset; Blakeslee et al., 2020). This
is in contrast to, e.g., GLM where surface glint has been a major contributor to
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false alarms, particularly before implementation of the blooming filter in GLM
processing (Rudlosky et al., 2019).

Based on this pathfinder study, fruitful scientific insights are expected from
larger combined lidar/lightning datasets. These could include analysis combin-
ing GLM with the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP;
Winker, 2022). In addition to building on the analyses performed in the present
study, such an analysis could use CALIOP to help validate stereo retrievals of
cloud-top height from dual GLM observations (Mach & Virts, 2021). Moreover,
potential future datasets, including a lidar (or lidars) hosted on the AOS mission,
are also exploitable using lessons learned from this study. These larger datasets
potentially could mitigate some of the limitations of this study, specifically
the short time period used here, which didn’t even cover one full annual cycle.
Moreover, a larger dataset also would enable the use of tighter time/distance
thresholds for defining instrument conjunctions, potentially leading to more ac-
curate comparisons.

In addition, a larger number of samples may allow for detailed investigation of
aerosol interactions with thunderstorms. Since lidar can determine aerosol type
(e.g., Omar et al., 2009), lightning enhancement (or suppression) by smoke, dust,
and other aerosol types could be studied.
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Center (GHRC) Distributed Active Archive Center (DAAC) via the Digital
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the TRMM/GPM analysis.
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