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Abstract This paper analyzes the cloud microphysics in different layers of storms as a function of
three-dimensional total lightning density. A mobile X-band polarimetric radar and very high frequency (VHF)
sources from Lightning Mapping Array (LMA) observations during the 2011/2012 Brazil spring-summer were
used to determine the microphysical signatures of radar vertical profiles and lightning density. This study
quantified the behavior of 5.3 million vertical profiles of the horizontal reflectivity (ZH), differential reflectivity
(ZDR), specific differential phase (KDP), and correlation coefficient (ρHV). The principal changes in the
polarimetric variables occurred only for VHF source rate density greater than 14 VHF sources per km2 in 4min.
These storms showed an enhanced positive KDP in the mixed 1 layer (from 0 to �15°C) probably associated
with supercooled liquid water signatures, whereas regions with negative ZDR and KDP and moderate ZH in the
mixed2 layer (from�15 to�40°C)were possibly associatedwith thepresence of conical graupel. Theglaciated
(above�40°C) and upper part of themixed 2 layers showed a significant trend to negative KDPwith an increase
in lightning density, in agreement with vertical alignment of ice particle by the cloud electric field. A
conceptualmodel that presents themicrophysical signatures in stormswith andwithout lightning activity was
constructed. The observations documented in this study provide an understanding of how the combinations
of polarimetric variables could help to identify storms with different lightning density and vice versa.

1. Introduction

The next-generation of geostationary satellites that includes the Geostationary Operational Environmental
Satellite–R (GOES-R) with Geostationary Lightning Mapper (GLM) sensor [Goodman et al., 2013] and the
Meteosat Third Generation (MTG) with Lightning Imager (LI) sensor [Stuhlmann et al., 2005] will map total
lightning activity continuously day and night with near-uniform spatial resolution of 8 km, frame rate of
2ms, and a product latency of less than 20 s for GLM. The refinement of our current understanding about
the processes relating cloud microphysical signatures and lightning density could be very useful for several
applications, such as data assimilation [e.g., Fierro et al., 2012, 2014;Mansell, 2014;Qie et al., 2014], nowcasting
[e.g., Goodman et al., 1988; Schultz et al., 2009, 2011, 2016], and rainfall estimation [e.g., Soula, 2009; Wang
et al., 2012; Xu et al., 2013].

Storm microphysics plays a key role in the formation and lightning rate density. The noninductive (NI) char-
ging of ice hydrometeors during rebounding collisions between ice particles (ice crystals and graupel) in an
environment with supercooled water is the leading explanation for storm electrification [Reynolds et al., 1957;
Takahashi, 1978; Saunders et al., 2006]. Several studies have suggested that in the NI charging process the
charge centers built inside the cloud can produce an intense electric field (hundreds of kV/m) capable of
exceeding the dielectric strength of air and driving the formation of electrical discharges [Baker and Dash,
1989; Keith and Saunders, 1990]. Laboratory studies have documented that the signal of charging is controlled
by the relative growth rate (RGR) between two ice hydrometeors [Saunders et al., 2006]. The NI-RGR mechan-
ism is used to explain the tripolar charge structure within the updraft core regions [Williams, 1989; Bruning
et al., 2014]. Based on this picture several studies have suggested a well-established relationship between
microphysical proprieties and lightning density [Petersen and Rutledge, 1998; Wiens et al., 2005; Schultz
et al., 2015]. For example, Petersen and Rutledge [1998] described the increase in storm lightning density as
the updraft strengthens and the ice particle volume in the mixed phase layer increases. Studies combining
polarimetric radar and Lightning Mapping Array (LMA) have demonstrated a good correlation between the
cloud microphysical properties and the regions with lightning production [Krehbiel et al., 2000; Wiens et al.,
2005; Bruning et al., 2007; Lang and Rutledge, 2008; Payne et al., 2010]. Wiens et al. [2005] documented a
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sudden increase in the number of very high frequency (VHF) sources and cloud-to-ground (CG) lightning
density when an updraft stronger than 10m s�1 exceeded 1500 km3 and regions with graupel that exceeded
2000 km3 in volume. More recently, Schultz et al. [2015] provided measurements of storm updraft properties
andmicrophysics related to lightning jumps. The authors documented increases in graupel mass and updraft
volumes greater than 10m s�1 between the 10 and �40°C isotherms prior to the lightning jump. The occur-
rence of CG lightning has been documented close to regions with graupel and hail descending below the
negative charge center [Goodman et al., 1989; Carey and Rutledge, 1996; López and Aubagnac, 1997;
Tessendorf et al., 2007].

Consistent with this picture, polarimetric radar measurements have revealed key cloud properties related to
lightning. Two polarimetric variables often used are the differential reflectivity (ZDR) in the mixed phase layer
(between 0 and�40°C) and the specific differential phase (KDP) in the glaciated layer (between�40 and�65°
C), which has been explored as a lightning indicator by several authors [i.e., Caylor and Chandrasekar, 1996;
Jameson et al., 1996; Carey and Rutledge, 1996; López and Aubagnac, 1997; Wiens et al., 2005; Lund et al.,
2009]. ZDR is related to the ratio between the horizontal and vertical reflectivity (usually given in units of
dB), while KDP is related to the difference in phase shift between horizontal and vertical polarized pulses
(usually given in units of degrees per kilometer) [Straka et al., 2000]. The work presented by Lund et al.
[2009] showed two favorable layers for lightning initiation, including one layer between 3 and 6 km height
with larger positive KDP and positive ZDR and a second layer between 7 and 10 km height with negative
ZDR and KDP. In general, cloud regions just above a melting layer with deeper and positive ZDR and KDP are
associated with supercooled raindrops and have been defined as ZDR-columns, and their vertical extent is
well correlated with the updraft intensity [Picca et al., 2010; Kumjian et al., 2012, 2014; Homeyer and
Kumjian, 2015]. These regions are likely sources of graupel embryos, which may form via the freezing of drops
in these columns [Rutledge et al., 1992; Conway and Zrnić, 1993; Carey and Rutledge, 1998]. Strong updrafts
and the formation of graupel are favorable conditions for lightning production; therefore, the investigation
of ZDR columns could help to identify storms with and without lightning.

The glaciated phase region, defined here as the layer between�40 and�65°C (which in Brazil represents the
cloud layer between 10.3 and 14.3 km mean sea level (msl)), presents specific polarimetric characteristics
related to lightning. Several studies documented lightning onset in association with strongly negative ZDR
and KDP in the glaciated layer [Jameson et al., 1996; López and Aubagnac, 1997]. Caylor and Chandrasekar
[1996] found decreasing KDP values at 12 km altitude prior to each lightning flash, and Ventura et al. [2013]
reported simultaneous increase in lightning density with decrease in ZDR and KDP in this layer. The negative
KDP and ZDR signatures are normally associated with vertically aligned ice particles by strong electric field
[Metcalf, 1993, 1995; Krehbiel et al., 1996; Caylor and Chandrasekar, 1996; Metcalf, 1997; Foster and Hallett,
2002, 2008; Carey et al., 2009; Ventura et al., 2013; Hubbert et al., 2014].Weinheimer and Few [1987] suggested
that electrically active storms can induce instantaneous dipoles in pristine ice crystals that can align ice crys-
tals. Carey et al. [2009] suggested that graupel falling with major axis vertically oriented can also be another
reason for the negative KDP. However, there is a consensus that negative KDP signatures in the glaciated layer
is at least partially associated with a strong electric field and physically connected to potential lightning.

Negative ZDR has been also related to graupel particles. For example, Dolan and Rutledge [2009], using a T-
matrix scattering model for several different hydrometeor types, suggested the presence of negative ZDR
associated with graupel particles. High-density graupel may have negative ZDR values with relatively large
reflectivity. Consistent with this picture, Evaristo et al. [2013] documented a linear decrease in ZDR with the
cone apex angle of graupel in conical format. However, it is unclear how much different are these signatures
between storms with and without lightning activity. The majority of previous studies were based on case stu-
dies and describe the relationship between polarimetric radar signatures and lightning in a specific cloud
height range. Studies quantifying statically how the storm polarimetric signatures, in each height range, vary
as a function of the lightning density are absent. As graupel and ice crystals are key ingredients for storm elec-
trification, the ZH and KDP signatures in higher-frequency radars, as the one employed in this study, could bet-
ter distinguish differences between storms that produce lightning and those that do not.

The primary goal of this study is to evaluate, from the statistical point of view, the vertical distribution of the
polarimetric variables as a function of lightning density, in this study expressed as VHF source rate density
(number of sources per area per time). The combination of polarimetric signatures and VHF source rate
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density helped to define the verti-
cal microphysical properties of
storms associated to different light-
ning patterns and the main differ-
ences between storms with and
without lightning activity. Section 2
presents the general aspects of
the CHUVA (Cloud Processes of
the Main Precipitation Systems in
Brazil: A Contribution to Cloud-
Resolving Modeling and to the
Global Precipitation Measurement
(GPM))-Vale field campaign, radar
data, preprocessing, LMA obser-
vations, and the methodology
employed. Section 3 presents the
relationship between polarimetric
radar variables and lightning
sources provided by a LMA net-
work, and three cases studies
employing lightning data detected
by the Lightning Imaging Sensor
(LIS), an example of data similar to
that will be provided by GLM, to

discuss the potential relationship between polarimetric radar data and lightning optical detections by satel-
lites. Finally, section 4 presents the main conclusions.

2. CHUVA Experiment, Data, and Methodology
2.1. CHUVA-Vale Field Campaign

This study is based in the CHUVA-Vale field campaign held in São José dos Campos City, São Paulo State,
Brazil, from 01 November 2011 to 31 March 2012. The CHUVA project was composed of six field campaigns
throughout Brazil, with the objective of describing and understanding the cloud processes responsible for
precipitation formation in the main precipitating regimes in Brazil. The complete description of the CHUVA
project can be found in Machado et al. [2014]. The data are free access and are available in CHUVA project
website (http://chuvaproject.cptec.inpe.br).

The region studied is located in a valley between the Mantiqueira and the Serra do Mar Mountains, approxi-
mately 100 km from the Atlantic Ocean. According to Albrecht et al. [2016], this region is prone to high thun-
derstorm activity (mean annual flash rate density above 30 flashes km�2 yr�1), especially due to afternoon
thunderstorms in the summer months (December to February). The main instruments employed in this work
were a polarimetric X-band radar (Figure 1, circles of 15, 60 and 100 km range), LMA lightning network
(Figure 1, red filled circles), and lightning events measured by the Tropical Rainfall Measuring Mission
(TRMM) Lightning Imaging Sensor (LIS) sensor. Only the region highlighted in gray was selected for this study.
This criterion was intended to ensure an area with good LMA detection efficiency (~100 km from the center of
the network [see Blakeslee et al., 2013; Chmielewski and Bruning, 2016]) and to delimit a region far enough
from the radar to achieve the full vertical profile and close enough to avoid high-attenuation cases.

2.2. X-Band Radar and Data Preprocessing

The radar employed to measure the polarimetric signatures from the storm hydrometeors was a polarimetric
X-band radar (9.34GHz), hereafter referred to as XPOL, manufactured by Selex Gematronik, model Meteor
50DX. The volumetric scan strategy recorded four polarimetric variables: horizontal reflectivity (ZH; dBZ), dif-
ferential reflectivity (ZDR; dB), specific differential phase (KDP; °km

�1), and the correlation coefficient (ρHV) (see
Straka et al. [2000] for a detailed description of these variables). The radar was installed at the Universidade do
Vale do Paraíba at 650m altitude abovemsl. The scan strategy comprised a volumetric scan, two range height

Figure 1. Region of CHUVA-Vale campaign, the XPOL radar (black diamond),
and SPLMA network sensor (red filled circles) locations. The shaded region
represents the elevationmap (in meters), and the black dashed lines represent
the distance rings (15, 60, and 100 km) from the radar. In this study we focused
on the area highlighted in gray between 15 and 60 km far from the radar.
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indicator scans, and one vertical beam scan for the ZDR offset correction. To complete all these tasks it was
required approximately 6min. The volumetric scan alone had duration of 4min and consisted of 13 plan posi-
tion indicators with elevations from 1.0° to 25.0°. Radar samples were resolved at 150m in range and 1.0° in
azimuth. Table 1 summarizes the principal characteristics of the XPOL radar and the volumetric scan strategy.

The radar data were preprocessed taking into account the following corrections: (i) the attenuation correction
of the ZH based in the algorithm proposed by Testud et al. [2000]. This algorithm constrains the reflectivity ZH
profile by the differential phase (PhiDP) to compensate the attenuation in ZH when the radar pulse propa-
gates through the rain medium. (ii) Correction of the differential attenuation in ZDR using the linear PhiDP
method. This method considers the total differential attenuation as linearly proportional to PhiDP (see
Bringi et al. [2007] for a detailed description). The ZDR average and median corrections were 0.16 and
0.32 dB, respectively. (iii) The ZDR offset due to possible radar miscalibration was calculated by vertically point-
ing measurements during the radar scan sequence. Three distinct periods of offset corrections were defined

during the CHUVA-Vale field campaign: the period before the replacement of the radome Zoff
DR ¼�0:27 dB

� �
,

the period after the replacement Zoff
DR ¼�0:33 dB

� �
, and the period after radar maintenance

Zoff
DR ¼ �0:59 dB

� �
. This correction was tested for hailstorms and strong rain events and the offset-corrected

data sets improved the hydrometeor classification [Sakuragi and Biscaro, 2012]. The data used from the
CHUVA project are level 1, and a detailed discussion of the CHUVA radar data preprocessing can be found
in Schneebeli et al. [2012] and Machado et al. [2014].

2.3. São Paulo Lightning Mapping Array

The São Paulo Lightning Mapping Array (SPLMA) [Blakeslee et al., 2013] was deployed close to the metropo-
litan area of São Paulo and nearby cities during the CHUVA-Vale campaign (Figure 1, red filled circles). LMA
systems locate electromagnetic emissions of lightning (i.e., lightning sources) originating from the break-
down processes of lightning propagation using the time of arrival of these sources at several stations every
80ms [Rison et al., 1999; Thomas et al., 2001, 2004]. Each lightning flash emits tens to thousands of sources by
mapping lightning propagation three dimensionally. The impulsive events are likely dominated by the nega-
tive leaders related to both IC and CG lightning. The advantage of the LMA network to infer charge centers is
that a negative leader propagating into a positive-dominant charge region produces stronger VHF emission
than a positive leader propagating into a negative-dominant charge region and so are detected more readily
[Rison et al., 1999; Williams, 2006; MacGorman et al., 2008].

The SPLMA was composed of 12 stations operating on VHF TV channels 8 (180–186MHz) and 10 (192–
198MHz) between November 2011 and March 2012 [Bailey et al., 2014]. With a network diameter of approxi-
mately 60 km, SPLMA provided accurate, three-dimensional lightning mapping to a range of 150 km,
covering the area of radar surveillance selected for this study [Blakeslee et al., 2013]. To minimize the effect
of noise, VHF sources detected by the SPLMA were limited to those with maximum reduced chi-square (χ2)
of 5 and detected by at least six stations. For the period of this study, the mean χ2 and mean number of
stations per solution were 1.3 and 7, respectively. Theoretical simulations performed for the SPLMA using
the algorithm presented by Koshak et al. [2004] showed a location accuracy of approximately 1.0 km for
the distance and height of the VHF sources, close to the radar center (W. Koshak, personal communication).
Only the reprocessed data (level 1b), including information on the time, latitude, longitude, and height of the
VHF sources, were used.

Table 1. Operating Parameters of the XPOL Radar During the CHUVA-Vale Campaign

Parameter Characteristics

Operating frequency 9.375 GHz
Transmitter power 35 kW (magnetron, value per transmission channel)
Polarization Simultaneous horizontal and vertical transmission
Pulse repetition frequency 1500/1200 Hz (stagger = 5/4, all elevations)
Antenna beamwidth 1.3°
Antenna diameter 1.8m
Altitude of radar 650m
Number of elevations 13 (1.0, 1.7, 2.6, 3.6, 4.8, 6.2, 7.8, 9.7, 11.9, 14.5, 17.5, 20.9, 25.0)°
Radial resolution (PPI) 150m
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2.4. TRMM LIS Data

Lightning events measured by the Tropical Rainfall Measuring Mission (TRMM) Lightning Imaging Sensor (LIS)
sensor were used for comparison with the polarimetric variables from XPOL radar. The LIS sensor detects
optical emissions from lightning in the neutral oxygen line at the cloud top [Goodman et al., 2013; Albrecht
et al., 2014b]. A charged coupled device takes measurements every 2ms and compares to a background
scene. Pixels that exceed a brightness threshold are identified as a lightning “event,”which are clustered into
“flashes” based on space and time proximity. Orbits of the TRMM satellite over the CHUVA-Vale region were
selected, and the data used include information on the occurrence of every lightning event, as well as the
latitude, longitude, and time of the event, and the viewtime of every scene.

2.5. Radar and Lightning Co-Located Data Set

To evaluate the polarimetric signatures as a function of the lightning density, we created a co-located data set
between the radar vertical profiles and the VHF source information from the SPLMA. The first step was to
reproject the polar coordinate volumetric radar scans into a Cartesian grid. This three-dimensional
Cartesian box (hereafter called 3-D box) had grid cell spacing of 1 km×1 km in the horizontal and 15 vertical
levels of 1 km vertical resolution (hereafter called grid box). The grid box spacing (i.e., 1 × 1 × 1 km3) was
defined consistently with the estimated localization error for the SPLMA (<1 km) and to reduce the effects
of the low vertical resolution (~1 km) of the radar for higher elevations far from the radar. Each grid box
was built by selecting the radar gate associated with the 95% percentile of the ZH population in the 1 km3

grid box, and the associated ZDR, KDP, and ρHV of the radar gate were selected. The 95% percentile value
was selected to choose the stronger reflectivity values in the 1 km3 grid box but still avoid the maximum
values associated with incorrect or noisy measurements. Only vertical profiles associated with radar-reflective
storms were used, i.e., profiles with some reflectivity value present.

After building the radar 3-D box, the SPLMA VHF sources were co-located in each 1 km3 radar grid box based
on the nearest-neighbor method. Then, for each gridded radar vertical profile of polarimetric variables, the
number of VHF sources occurring within the profile was integrated vertically (from 2 km to 15 km of height)
and over the time interval of the radar volume scan (4min) comprising one VHF source rate density for each
vertical profile, in units of sources per kilometer square per 4min (src km�2 (4min)�1). For simplicity, the VHF
source rate density is also referred only as lightning density, hereinafter.

For practical purposes in cloud microphysics and cloud electrification, the air temperature profile was used as
the vertical coordinate instead of heights in all figures. This association was based on the average tempera-
ture profile using 49 radiosondes launched close to the radar at 12 UTC. The mean melting level from the
soundings was at 4.4 km msl.

To reduce the radar attenuation effects and to simultaneously ensure a region with good SPLMA detection
efficiency, we used only the radar vertical profiles in the southwest quadrant of the radar coverage (region
highlighted in gray) as shown in Figure 1. This region lies between 15 and 60 km from the radar center
and is bounded by the radar azimuths of 180° and 270°. The minimum distance of 15 km eliminates the storm
cases with limited tops due to the lower beam height close to the radar, and the maximum distance of 60 km
reduces the attenuation effects. This methodology produced approximately 5.3 million radar vertical profiles
of ZH, ZDR, KDP, and ρHV, with every profile associated with a VHF source count.

3. Results and Discussion
3.1. Lightning Density

Figure 2 shows the frequency distribution of VHF lightning source rate density (i.e., lightning density) for all
radar profiles. The number of radar vertical profiles decreases exponentially with the increase in the number
of sources per square kilometer. The majority (~94%) of vertical profiles are associated with no sources, and
only 305,108 radar profiles has more than one VHF source. Approximately two million sources were reported
during the campaign; the average value of VHF source rate density was 8.6 src km�2 (4min)�1 with a standard
deviation of 16.4 src km�2 (4min)�1, while the maximum value reported during the campaign was
430 src km�2 (4min)�1 (only one case). There were 94,823 cases (i.e., radar vertical profiles) with only
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1 src km�2 (4min)�1, representing
31% of the population of the radar
vertical profiles associated with at
least one VHF source.

To evaluate the radar polarimetric
characteristics as a function of the
lightning density, the VHF source
rate density was binned in classes
of 5% percentiles. The percentiles
correspond to profiles with more
than one source per km2 per
4min. The cloud vertical structure
was divided into four layers as fol-
lows: (i) warm (below 0°C, <4.4 km
height), (ii) mixed 1 (from 0 to
�15°C, 4.4 to 6.9 km height), (iii)
mixed 2 (from �15 to �40°C, 6.9
to 10.3 km height), and (iv) gla-
ciated (from �40 to �65°C, 10.3
to 14.3 km height) layers. Figure 3
shows the mean values of ZH, ZDR,

KDP, and ρHV as a function of the VHF source rate density percentiles (from 0 to 100%) for each of these
cloud layers.

The percentiles up to 31% correspond to the bins of only one source, so they were grouped into only one
category, named 0–30%. Three different behaviors are noted: (i) one class from the 0 to 65% percentiles
(1 to 6 src km�2 (4min)�1), in which nearly no changes are observed in the polarimetric variables as the light-
ning density increases. Even in the warm phase layer (Figure 3a), very small changes are observed in the aver-
age properties; for instance, KDP varies only from +0.5 to +0.8°km�1. ZDR decreases slightly from +0.65 to
+0.60 dB in the mixed 1 layer between 0 and 55% percentiles. This modest change suggests that the average
states of clouds with these lightning densities are very similar. The weaker variation in the mean values of the
polarimetric variables is likely due to the fact that the mean was performed for a larger cloud layer, which
probably smoothed the mean values. However, traditionally, singletons and flashes with few VHF sources
could be attributable to noise effects (e.g., cell and television towers and transmission power lines).
Blakeslee et al. [2013] studied the noise sources of the SPLMA and found that a TV tower on channel 9, in
the middle of the SPLMA, produced noise sources that were detected by the network. They found that noise
on the SPLMA was of very weak signal strength, concentrated within a short distance of the TV tower (90% of
noise was within 1 km distance) and at altitudes lower than 5 km. This tower is about 25 km from the edge of
our study area, and therefore, the effects of noise contamination in the data should be minimal. To verify this
hypothesis, we have compared the signal strength of noise sources produced by the TV tower (using data
during from nonthunderstorm days) and the signal strength of real sources used in our study. Sources from
real lightning presented stronger signal strengths than noise-certain sources. The majority (considering the
10 and 90% percentiles) of noise sources presented signal strengths between �0.7 and +3.1 dBW and the
sources from the lightning category with 1 to 6 src km�2 (4 min)�1 presented between +3.1 and +14.5 dBW.
Based on this analysis, we can claim that the sources of this lightning category are mostly related to real light-
ning flashes, and if any noise sources are present in the data, they constitute a very low percentage.

The second population (ii), from 7 to 13 src km�2 (4min)�1, corresponds to percentiles of 70 to 85%. This cate-
gory shows weaker sensitivity as the lightning density increases. ZH increases by 2 dBZ, ZDR by 0.2 dB, and KDP
by 0.2°km�1 in the warm layer (Figure 3a). The third population (iii), more than 14 src km�2 (4min)�1, corre-
sponds to grid cell populationswith percentiles larger than 85%, and this category presented themost notable
changes in the polarimetric variables with lightning density (Figures 3a–3d). KDP increases from +1.2 to +2.2°
km�1 as the lightning density increases in the warm layer, while in the glaciated layer KDP decreases from
+0.11 to �0.01°km�1, suggesting a transition to conditions where ice particles are vertically oriented by a

Figure 2. Frequency distribution of VHF source rate density
(src km�2 (4min)�1) among all 3-D radar vertical profiles.
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strongelectricfield. ZDR presents similar behavior in comparisonwithKDP,whereas the ZH increases in all layers,
with mean rate around 6 dBZ. These results suggest that a significant change in the polarimetric signatures as
VHF source lightning rate density increases is only observed in the range of more than 14 src km�2 (4min)�1

and that larger change occur in the warm and mixed 1, followed by the mixed 2 and glaciated layers.

The aforementioned observations suggest the classification of the vertical profile population into four groups
of lightning density as follows: (i) no sources, (ii) 1–6 src km�2 (4min)�1, (iii) 7–13 src km�2 (4min)�1, and (iv)
14–430 src km�2 (4min)�1. These groups of lightning activity categories are hereafter denoted, respectively,
as NOVHF, LOW, MID, and HIGH. It is important to notice that the designations NOVHF, LOW, MID, and HIGH
lightning activity categories are based on the specific population of profiles used in this study, which prob-
ably is different from other regions. Moreover, this definition is used in this study as a reference and only
to classify the lightning density into categories.

Note that the number of sources here represents the sources recorded in a vertical columnwith 1 km2 of area,
which is different than traditional sources grouped into flashes. As the farthest point within our analysis
region is 65 km from the center of the SPLMA, binning the VHF sources into flashes probably would exclude
some real lightning events due to the decreased detection efficiency with increasing distance from the cen-
ter of the network. Although the LOW VHF lightning activity category contains many fewer VHF sources (1–
6 src km�2 (4min)�1), changes in the polarimetric signature are clearly observed (i.e., an increase in ZH, ZDR,
and KDP in the warm layer and mixed layer with the increase of lightning density). As we have used a large
population of vertical radar profiles, if some noise exists for these small lightning density numbers, it did
not affect the general statistics.

3.2. The Statistical Behavior of Polarimetric Variables

To evaluate the mean behavior of the polarimetric variables as a function of the predefined lightning activity
categories (previous section), the mean radar vertical profile was computed (Figure 4). The colors in Figure 4

Figure 3. Mean values of ZH (dBZ; black line), ZDR (dB; blue line), KDP (°km�1; orange line), and ρHV (red line) as a function of VHF source rate density
(src km�2 (4min)�1) percentiles (%) for (a) warm (below 0°C), (b) mixed 1 (from 0° to �15°C), (c) mixed 2 (from �15° to �40°C), and (d) glaciated (from �40° to
�65°C) phase layers. The gray colors, from light gray to dark gray, show the lightning activity categories LOW, MID, and HIGH.
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represent the four predefined lightning activity categories: NOVHF (blue dashed line), LOW (green solid line),
MID (red solid line), and HIGH (black solid line). The major differences between lightning activity categories
(for all variables) occur in the warm phase layer (Figures 4a–4d, region in white color). In this layer, as the light-
ning density increases, ZH, ZDR, and KDP dramatically increase, whereas ρHV decreases. For example, consider-
ing the 0°C level, KDP (Figure 4c) increases by a factor of 7 from NOVHF (+0.2°km�1) to HIGH (+1.4°km�1)
categories. These signatures suggest the existence of an intense precipitation process associated with strong
concentration of larger oblate raindrops in the warm layer when the lighting density is the strongest.
Moreover, resonance effects caused by these large raindrops could contribute to the higher ZDR (Figure 4b)
values and the low ρHV (Figure 4d) also observed in this layer [Ryzhkov and Zrnic, 2005]. However, if this effect
is of the second order, the larger positive ZDR (Figure 4b) and KDP (Figure 4c) values and the lower ρHV (Figure 4d)
for the HIGH class are probably associated with graupel from the mixed phase layer that is not completely
melted and falling into the warm layer. These storms having stronger updrafts and larger graupel are formed
in the balance-level region [Lhermitte and Williams, 1985], thereby intensifying the noninductive charging
mechanism and lightning production. The aforementioned considerations are reinforced by the observed sig-
natures in mixed 1 layer (from 0 to�15°C, region in light gray color). In the HIGH lightning category and above
the 0°C level, ZDR (Figure 4b) and KDP (Figure 4c) values rapidly decrease to +0.3 dB and +0.2°km

�1, respectively,
whereas ρHV (Figure 4d) increases up to 0.97, suggesting the freezing of large raindrops. Recently, similar obser-
vations were documented by Mecikalski et al. [2015], suggesting the existence of an intense freezing process
leading to the formation of hail embryos, which quickly grow into graupel and hail through the riming process,
contributing to intense electrification. However, decreased ρHV values close to the 0°C isotherm indicate the

Figure 4. Mean profiles of (a) ZH (dBZ), (b) ZDR (dB), (c) KDP (°km
�1), and (d) ρHV for the NOVHF (blue dashed line), LOW (green solid line), MID (red solid line), and

HIGH (black solid line) categories of VHF source rate density. The gray vertical line in Figure 4c represents 0°km�1 for KDP. The regions highlighted in gray colors
indicate the layers of vertical profiles (warm, mixed 1, mixed 2, and glaciated phase layers).
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existence of a mixture of hydrometeors possibly including supercooled raindrops, small hail, frozen drops,
and graupel.

The striking characteristic in the mixed 2 layer (from �15 to �40°C, the region in medium gray color) is the
decrease of KDP (Figure 4c) with height reaching the lowest values (down to +0.1°km�1 close to the �40°C
level) for the HIGH category, indicating that the number of frozen particles increased with height. In contrast,
ZDR (Figure 4b) in the mixed 2 layer is only slightly lower for the HIGH category throughout the layer but
shows an increase with height. This behavior of ZDR shows the increases in VHF source rate density as the
updraft deepens, carrying supercooled liquid drops to higher levels [Picca et al., 2010; Kumjian et al., 2012,
2014; Homeyer and Kumjian, 2015]. Around �40°C level, from MID to HIGH lightning activity categories,
KDP decreases to +0.1°km�1 and ZDR increases to +0.4 dB, indicating larger concentration of frozen particles.
This change in the ZDR and KDP behavior observed between the upper part of the mixed 1 and throughout
mixed 2 layer shows a clear transition, via freezing, to the formation of ice particles and graupel. For the gla-
ciated layer (from�40 to�65°C, region in dark gray color), ZH (Figure 4a) and KDP (Figure 4c) show the great-
est difference between the lightning categories. At the �45°C level, for instance, ZH increases from 24 to
37 dBZ between the NOVHF and HIGH categories, whereas KDP decreases from +0.2 to +0.05°km�1. These
observations suggest that a large concentration of ice particles with most of them aligned by strong electric
field is a common signature in the glaciated layer. Interestingly, no difference is observed in KDP between the
categories NOVHF-LOW-MID in this layer (Figure 4c). These results show that a robust signature in KDP as a
function of VHF source rate density occurs only when there is a strong concentration of ice particles oriented
by a strong electric field. As suggested by Weinheimer and Few [1987] and also shown by Bailey and Hallett
[2009] habit diagramˈs, these ice particles probably are plates or columns, although columnar crystals
between �40 and �70°C are much more likely to align than plate-like crystals.

Another interesting point observed in this figure is related to ZDR (Figure 4b) in mixed 2 and the upper part of
the mixed 1 layer. No differences in ZDR are observed between the categories with lightning; suggesting ice
particles with similar shape in this layer. In contrast, clouds associated with VHF sources have more negative
ZDR than clouds without lightning, a finding attributable to the formation of graupel. Similar observations
were documented in lightning- and nonlightning-producing convective cells in thundersnow by Kumjian
and Deierling [2015]. The authors documented that many of the flashes observed in thundersnow were asso-
ciated with localized high-ZH and low-ZDR regions, suggesting regions with graupel production indicating
that storms with lightning could have larger and more numerous graupel content than storms without light-
ning. Observations from ground-based total lightning combined with Doppler and polarimetric radar
[Deierling and Petersen, 2008], numerical simulations with explicit microphysics [Calhoun et al., 2014], and
satellite observations [Mattos and Machado, 2011; Matthee and Mecikalski, 2013] also support this idea, and
it is suggested that storms with lightning include better graupel growth conditions due the existence of
stronger updrafts, higher supercooled water content, and ice particle mass.

Table 2 shows the statistical distribution of the polarimetric variables as a function of lightning category for
the different layers. This table presents the percentiles of 25%, 50%, and 75% for ZH, ZDR, KDP, and ρHV for the
warm, mixed 1, mixed 2, and glaciated phase layers for different lightning activity categories. In general, lar-
ger differences among lightning activity categories are found for the largest percentile (75% percentile), indi-
cating regions with strong updrafts. Among all variables here analyzed, reflectivity showed the greatest
difference among lightning activity categories for all layers. For example, in the warm layer, the median dif-
fers markedly from the NOVHF (16 dBZ) to HIGH (27 dBZ) categories. On the other hand, among the variables
analyzed the KDP shows the largest spread in distribution over the lightning activity categories in the warm
layer. As the lightning density increases from the MID to HIGH category, the average KDP increases 1.2°km

�1

(i.e., change from +1.4 to +2.6°km�1). This layer can be considered the final manifestation of all processes
inside the cloud and represents the increase of the raindrop size, concentration, and nonhomogeneity as
the storm becomes intense. Note that the negative KDP (�0.1°km�1) in the warm phase layer in the 25% per-
centile for the NOVHF category is probably related to nonuniform beam-filling effects [Ryzhkov and Zrnic,
2005; Gosset, 2004] near the melting layer.

In the mixed 1 layer, the variables ZH and KDP also showed high sensitivity as a function of lightning activity
category. If the 75% percentile is considered, one can note an increase of 14 dBZ and 0.3°km�1 for ZH and KDP,
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respectively. This result demonstrates that the concentration and size of the supercooled raindrops in the
mixed 1 layer increase as the lightning density increases. Carey and Rutledge [1998] suggested that this layer
is the source of graupel embryos. Interestingly, the 25% and 75% percentiles of ZH show no overlapping as
one goes from NOVHF (18 and 30 dBZ) to HIGH (31 and 44 dBZ) lighting activity categories, suggesting the
existence of a very different concentration of hydrometers. This result indicates an important role of ZH in dis-
tinguishing between storms with and without lightning activity.

A striking characteristic in the mixed 2 layer is the observation of a near-zero and negative ZDR and KDP only
for the MID and HIGH lightning density categories. The distribution of KDP for HIGH lightning density shows
negative values as low as�0.2°km�1 for 25% percentile and ZDR of 0.0 dB for the same percentile. These small
values may be associated with conical graupel, as suggested by Evaristo et al. [2013]. We note that in the gla-
ciated layer, the distribution of KDP values is much more uniform in comparison with the other cloud layers
discussed earlier, although a subtler decrease to exclusively negative values is observed in the 25% percentile
for the HIGH lightning activity category, down to�0.3°km�1. Similar to the mixed 1 layer, almost no overlap-
ping occurs for ZH percentiles between the NOVHF (13 and 20 dBZ) and HIGH (20 and 33 dBZ) lightning den-
sity categories. Because ZH increases as a function of hydrometers size and concentration [Battan, 1973] and
since the electrification process depends on both features of the ice particles that are colliding [Keith and
Saunders, 1990], it is expected that a higher concentration of ice particles aligned vertically by a more intense
electric field. However, some degrees of overlapping of polarimetric variables between the different lightning
activity categories are observed, but the general differences between storms with and without lightning
activity are very well captured.

Because the HIGH lightning category has the greatest changes in polarimetric characteristics with increasing
rate density of sources (see Figure 3), we discretized this category into three subcategories. Figure 5 shows
the evolution of the microphysics of clouds with the increased rate density of sources in this category, in
which the polarimetric features are very sensitive. These subcategories have approximately 18,000 profiles
in each category and are defined as follows: from 14 to 17 src km�2 (4min)�1 (the first 33% percentile) named
HIGH1, from 18 to 29 src km�2 (4min)�1 (percentiles from 33 to 66%) named HIGH2, and larger than
30 src km�2 (4min)�1 (>66%) named HIGH3. Figure 5 shows the average profiles, similar to Figure 4, but
for the three subcategories of HIGH lightning density.

The HIGH3 subcategory presents an average negative KDP in the glaciated and in the upper part of the mixed
2 layers and reflectivity between 30 and 40 dBZ. This behavior occurs only for the most active lightning cases
(i.e., larger than 30 src km�2 (4min)�1). In these subcategories, ZDR varies only in the warm layer, showing

Table 2. Percentiles of 25%, 50%, and 75% for ZH, ZDR, KDP, and ρHV over the Warm, Mixed 1, Mixed 2, and Glaciated Phase Layersa

Storm Layer
Lightning Activity

Categories

ZH (dBZ) ZDR (dB) KDP (°km�1) ρHV

P25 P50 P75 P25 P50 P75 P25 P50 P75 P25 P50 P75

Glaciated phase (from �40 to �65°C) NOVHF 13 16 20 0.1 0.4 0.8 �0.1 0.1 0.4 0.96 0.98 1.00
LOW 16 20 25 0.1 0.5 0.9 �0.1 0.2 0.5 0.97 0.98 0.99
MID 17 22 28 0.1 0.4 0.9 �0.2 0.2 0.5 0.97 0.98 0.99
HIGH 20 27 33 0.1 0.4 0.9 �0.3 0.1 0.4 0.97 0.98 0.99

Mixed phase 2 (from �15 to �40°C) NOVHF 15 20 24 0.1 0.5 0.9 0.0 0.2 0.5 0.97 0.98 0.99
LOW 21 25 30 0.1 0.3 0.7 0.0 0.2 0.5 0.97 0.98 0.99
MID 22 27 33 0.0 0.3 0.7 �0.1 0.2 0.5 0.97 0.98 0.99
HIGH 26 32 39 0.0 0.3 0.6 �0.2 0.2 0.5 0.97 0.98 0.99

Mixed phase 1 (from 0 to �15°C) NOVHF 18 24 30 0.2 0.6 1.2 �0.1 0.2 0.4 0.94 0.97 0.99
LOW 23 29 35 0.1 0.4 0.9 0.0 0.2 0.4 0.95 0.98 0.99
MID 26 32 38 0.1 0.4 0.9 0.0 0.2 0.5 0.95 0.98 0.98
HIGH 31 37 44 0.1 0.4 1.0 0.1 0.3 0.7 0.94 0.97 0.98

Warm phase (below 0°C) NOVHF 18 25 32 0.2 0.6 1.2 �0.1 0.1 0.3 0.96 0.98 0.99
LOW 24 31 39 0.5 1.0 1.7 0.0 0.2 0.7 0.95 0.97 0.98
MID 28 35 43 0.6 1.3 2.2 0.1 0.5 1.4 0.95 0.97 0.98
HIGH 33 41 48 1.0 1.9 2.7 0.4 1.2 2.6 0.93 0.96 0.98

aPercentiles are shown for the lightning activity categories with no source (NOVHF), low (LOW), middle (MID), and with the high (HIGH) VHF source rate
densities.
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more oblate-large raindrops in the warm layer and nearly the same orientation in the other layers as the
source rate density increases. Additionally, as ρHV in the mixed 1 and 2 and warm layers decrease the light-
ning density increases, showing the enhanced hydrometeor mixture in these layers. The ZH in all layers
and KDP and ZDR in the warm layer increase markedly as the source rate density increase. This characteristic
can be useful for precipitation estimation in strongly convective storms when using lightning density infor-
mation. This typical increase/decrease in values of polarimetric variables as the lightning density increases
indicates that a large number of applications could be envisaged using future lightning sensors in geostation-
ary satellites such as improve the precipitation estimation based on infrared channels, identify convective
and stratiform regions of clouds, and provide assistance in the identification of the meanmicrophysical beha-
vior of the cloud top.

The discussions pertaining to the Figures 4 and 5 showed individually the average behavior of each polari-
metric variable as a function of the lightning density; however, the results do not ensure a synchronous beha-
vior in all quantities. The joint interpretation of two or more polarimetric variables from the same grid box is
much more effective and less prone to uncertainty and nonuniqueness than single-parameter analysis. This
procedure often provides the best clues for inferring cloud processes and precipitation properties. As noted
in previous analysis (i.e., Figures 3–5) ZH, ZDR, and KDP were the variables that showed the most significant
signatures in the predefined layers. Accordingly, these variables are considered for the joint interpretation
of polarimetric variables. For this purpose, for each vertical profile, the data are binned as follows: from 0
to 60 dBZ in 6 dB increments for ZH, from �2 to +6 dB in 0.8 dB increments for ZDR, and from �2 to +6°
km�1 in 0.8°km�1 increments for KDP. This procedure was performed for each altitude range (i.e., warm,

Figure 5. Mean profiles of (a) ZH (dBZ), (b) ZDR (dB), (c) KDP (°km
�1), and (d) ρHV for the HIGH1 (blue solid line), HIGH2 (green solid line), and HIGH3 (red solid line)

categories of lightning activity categories. The gray vertical line in Figure 5c represents 0°km�1 for KDP. The regions highlighted in gray colors indicate the previously
defined layers of vertical profiles (warm, mixed 1, mixed 2, and glaciated phase layers).
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mixed 1, mixed 2, and glaciated layers). The frequency distribution for every triple combination of ZH-ZDR-KDP
is normalized by the maximum frequency in each altitude range, such that the peak for each time is equal to
one. To emphasize the most probable triple combinations only those combinations with higher relative fre-
quency are plotted (>0.3%). Tests with different thresholds for the relative frequency were performed and
indicated that the plot for triple combinations with frequency greater than 0.3% provided a good visualiza-
tion of simultaneous behavior among ZH-ZDR-KDP in all cloud layers. Figure 6 shows the simultaneous rela-
tionship among ZH, ZDR, and KDP for NOVHF and HIGH lightning categories, and the colors represent the
values for KDP.

In the warm layer (Figure 6a) of the storm, the HIGH lightning category typically occurs in regions of higher ZH
values (up to 45 dBZ) while also containing uniquely higher positive ZDR (up to +5.5 dB) and KDP (up to +3.5°
km�1) than storms without lightning. The intermediate layers (i.e., mixed 1 and 2 layers; Figures 6b and 6c)
show a transition from supercooled raindrops to frozen hydrometeors. Consistent with this behavior, the gla-
ciated layer (Figure 6d) contains much lower ZDR (down to �1.5 dB) and negative KDP (down to �2.0°km�1)
values with moderate ZH (<25 dBZ) values for HIGH lightning than for the category without lightning. Based
on works presented by Park et al. [2009], Dolan and Rutledge [2009], and Snyder et al. [2010], these results sug-
gest a higher concentration of vertically aligned ice particles by a strong electric field, here represented by
the strongest lightning density, also evident in themixed 2 layer. The strong support for a large concentration
of supercooled raindrops in the mixed 1 layer for the higher lightning density is also observed. These regions
are associated with graupel, most likely of conical shape. According to simulations from Evaristo et al. [2013],
conical graupel is expected to have ZH and ZDR values ranging from 10 to 40 dBZ and from�1 to 1 dB, respec-
tively. Mattos [2015] documented that for strongest storms the first lightning flashes were observed after
positive ZDR columns (associated with supercooled raindrops) evolved into much reduced ZDR (and even
negative values) in the mixed 1 layer before and during the time of the initial intracloud lightning, suggesting
an evolution from supercooled raindrops to frozen particles, and the formation of graupel. Our results show
that themelting process of graupel contributes to the formation of a larger concentration of large oblate rain-
drops observed in the warm layer.

The previous discussions showed a good relationship between the polarimetric variables signatures and the
total sources integrated in the vertical profile. However, this relationship could be refined if one analyzed the
relationship between the locations of VHF source in the vertical profile and the localization of polarimetric
signatures. This strategy enables a determination of the storm regions with the maximum density of VHF
sources and the associated polarimetric variables. For this purpose, each VHF source was associated with a
specific temperature level (from height information) and was matched for a coincident value of ZH, ZDR,
KDP, and ρHV. Based on this procedure, we divided the temperature levels in 5°C bins (from 17 to �65°C)
and the polarimetric variables in bins sizes of 2 dBZ (ZH), 0.15 dB (ZDR), 0.15°km

�1 (KDP), and 0.01 (ρHV). The
number of VHF sources by temperature level and per polarimetric variable class was computed, and this
value was normalized by the source number from all variable-temperature bins, which represent the relative
frequency (%) of the sources. Figure 7 shows the relative frequency of the sources (color shaded region) and
the total sources by height (red solid line).

In terms of the distribution of sources (color shaded region in Figure 7), the sources for the LOW category are
spread over a large vertical region. As the electrical activity increases, the source concentration becomes
more localized, and a maximum is located at higher altitudes between the temperatures �35 and �40°C
for the HIGH category. This behavior can be associated with different stages of the storm electrification life
cycle. Generally, stronger lightning density is documented prior to the maturation stage of the storm.
Additionally, a secondary maximum in lightning sources is observed between �5 and �10°C, as evidenced
for the HIGH category. These two maxima in number of sources are consistent with earlier studies [Rison
et al., 1999;Wiens et al., 2005; Lund et al., 2009]. As discussed before, Kumjian and Deierling [2015] also docu-
mented snowstorms with stronger lightning density with maximum lightning density at higher altitudes. This
suggests that although warm-season storms (as those studied here) have stronger updrafts than snowstorms,
a similar process contributes to the cloud electrification and lightning production.

Typically, a negative leader propagating into a positive-dominant charge region produces stronger VHF emis-
sion than a positive leader propagating into a negative-dominant charge region [Rison et al., 1999; Williams,
2006]. Although only a detailed manual flash-by-flash analysis could allow the inference of specific charge
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regions (as those performed by Wiens et al. [2005], Bruning et al. [2007], Lund et al. [2009], and Kumjian and
Deierling [2015]), the results of Figure 7 show a predominance of positive charge at higher altitudes (between
�35 and �40°C).

With regard to the polarimetric variables, these regions with maximum lightning density have strong local
relation with the storm microphysical properties and reinforce the previous analysis (i.e., Figures 4 and 5).
The frequency line of 0.5% (white solid line) shows a relatively lower KDP (down to �1°km�1) for the HIGH
category in comparison with the MID category (down to �0.6°km�1) in the region between �35 and �40°
C. In addition, the ZH variable shows a bimodal distribution. Larger ZH values close to the secondary source
maximum (between �5 and �10°C) are observed for the HIGH category than for the MID category (50 dBZ

Figure 6. Three-dimensional histogram relating ZH (ordinate), ZDR (abscissa), and KDP (color). Only triple bin combinations
of ZH-ZDR-KDP that presented highest frequency are plotted. The results are shown for NOVHF (open square) and HIGH
(filled circle) lightning activity categories for the (a) warm, (b) mixed 1, (c) mixed 2, and (d) glaciated layers. Triple ZH-ZDR-
KDP combinations observed for both NOVHF and HIGH categories are represented by symbols with open square-filled
circles.
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versus 44 dBZ). The negative KDP observed in the glaciated layer for the HIGH category corresponding to the
regions with maximum sources reinforces the previous analyses and supports the electrification process dis-
cussed in the last sections. Additionally, these results suggest that the greatest differences among the light-
ning categories in terms of the polarimetric variables are in the regions that present the maximum density of
VHF sources, that is, the region where vertically aligned ice by strong electric fields should occur.

This study is focused on a tropical region in a specific area and during a spring/summer season. Despite this
meteorological focus, the results are very coherent with the cloud physics documented in several other works
[Caylor and Chandrasekar, 1996; Jameson et al., 1996;Wiens et al., 2005; Lund et al., 2009]. The applicability of
these results shouldbe investigated for severalothersenvironmental conditions (convectiveavailablepotential
energy and wind vertical shear) and for storms with different electrical structure (e.g., normal and inverted
polarity storms).

3.3. TRMM LIS Lightning Events and XPOL Radar Vertical Profiles

Previous sections demonstrated a well-established relationship between the changes in hydrometeor vertical
profiles and the lightning density. However, it is important to evaluate if this relationship described in this

Figure 7. DistributionofnormalizedVHFsources (in%) for (a)ZH (dBZ), (b)ZDR (dB), (c)KDP (°km
�1), and (d)ρHV for theLOW,MID, andHIGH lightningactivity categories.

Thewhite solid line represents the 0.5% frequency contour. The total VHF source counts by temperature level (as a vertical profile) are superimposed as a red solid line.
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study can also be observed for total lightning measured by satellites. This analysis could open an opportunity
for future applications using total lightning measurements from GOES-R GLM and MTG LI to retrieve vertical
microphysical properties in storms.

Figure 8. LIS lightning events for three storms with distinct lightning activity: (a) low (LOW-LIS; 0.02 evt km�2min�1), (b) middle (MID-LIS; 0.06 evt km�2min�1), and
(c) high (HIGH-LIS; 0.54 evt km�2min�1). The TRMM LIS orbit and observation time are indicated in each plot.

Figure 9. Mean profiles of polarimetric variables (a) ZH (dBZ), (b) ZDR (dB), (c) KDP (°km
�1), and (d) ρHV for the LOW-LIS (green solid line), MID-LIS (red solid line), and

HIGH-LIS (black solid line) lightning activity categories predefined in Figure 8. The gray vertical line in Figure 9c represents the 0°km�1 for KDP. Regions highlighted in
gray colors indicate the microphysical layers warm, mixed 1, mixed 2, and glaciated phase layers.
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For this proposal, three storms with different lightning events rate density on the radar area were selected: (i)
one with relative low density (0.02 evt km�2min�1; 12 lightning events observed in 314 km�2 area during
101 s viewtime), (ii) one with relative middle density (0.06 evt km�2min�1; 106 lightning events observed
in 1018 km�2 area during 97 s viewtime), and (iii) one with relative high density (0.54 evt km�2min�1; 884
lightning events observed in 1017 km�2 area during 97 s viewtime). LIS lightning events of these three cases
are shown in Figure 8. The red circles represent the area of storms and define the region in which LIS light-
ning events were counted. LIS events were collocated with the 3-D radar data, and themean vertical profile of
each polarimetric variable was calculated using all profiles illuminated by the events, shown in Figure 9.

The most notable characteristic in Figure 9 is the increase in ZH in all layers. Negative KDP (Figure 9c) in the
glaciated layer (down to �0.7°km�1) is observed as the event density increases and lower ZDR (Figure 9b) is
observed for HIGH-LIS category in mixed 2 and glaciated layers. The profiles are very different for different
event rate density, and the results are very similar to the one discussed in the former sessions for different
VHF source rate densities. Although these analyses using LMA and LIS lightning showed some similarities in
microphysical terms, it is important to clarify that LMA and LIS also involved different physics associated with
the lightning measurement of each instrument. LMA systems detect electromagnetic emissions from light-
ning originating from the breakdown processes of lightning propagation [Bruning and MacGorman, 2013;
Albrecht et al., 2014b], while optical emissions from the LIS are associated with the radiance from flashes at
the cloud top [Goodman et al., 2013].

The measurements from LIS and GLM sensors are sensitive to scattering within the cloud medium. Therefore,
lightning events documented in Figure 8 could suffer from effects of illumination by relatively close lightning.
Part of this effect is associated with the radiative transfer problems and the LIS parallax error which are intrin-
sic effects of these measurements. Therefore, it is expected a better agreement between VHF sources and LIS
lightning for VHF sources observed at higher heights (as discussed in Albrecht et al. [2014a]).

These results suggest that total lightning data from the GLM sensor can be useful for the retrieval of storm
microphysical properties, such as the invigoration of the storm glaciated layer accompanied by an increase
in the event source rate density (Figure 9). In addition, these results provide several meteorological applica-
tions such as improved understanding of cloud microphysical proprieties in regions with no radar coverage
and improve or correct the precipitation estimates in regions with no radar or rain gauges using microphy-
sical information or data assimilation of the microphysical proprieties in numerical models. The results

Figure 10. Schematic illustration of the main hydrometeor characteristics and VHF source count profile (red line) in storms
with and without lightning activity.
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presented in this section are very promising; however, regional studies are necessary to evaluate how this
relationship depends among the different types of storm, seasons, and regions.

4. Conclusions

This study evaluated the behavior of polarimetric signatures related to VHF source rate density in different
layers of cumulonimbus clouds. For the first time, a large data set of vertical profiles of polarimetric radar
observations combined with tridimensional VHF sources was employed to represent a statistical pattern of
storm hydrometeors associated with lightning density.

The most notable changes in storm polarimetric properties occurred for lightning density greater than 14
sources per km2 in 4min, and the cloud polarimetric properties change markedly with the VHF source rate
density in this range. KDP increases by a factor of 2 in the warm layer and decreases by 10 times in the gla-
ciated layer when the lightning density changes from 14 to 430 src km�2 (4min)�1. These changes are most
clearly manifest in the warm layer and indicate the formation of larger raindrops probably associated with the
melting of larger graupel in the mixed layer. However, a typical polarimetric behavior is documented for each
of the categories of VHF source rate density defined in this study. The warm layer shows increases in ZH, ZDR,
and KDP as the rate density of source increases, suggesting a stronger precipitation process for the formation
of larger flattened raindrops. The mixed 1 layer shows a typical signature of supercooled liquid water as the
VHF source rate density increases. This behavior of moderate reflectivity is associated with larger and strong
updraft regions, where supercooled liquid water is carried to higher levels in the mixed 1 layer. An increase in
the height of positive KDP is documented as the VHF source rate density increases. Our results are consistent
with those presented by Mattos [2015] and suggest that the regions of negative ZDR and KDP with moderate
ZH are associated with the presence of conical graupel. The mixed 2 layer showed a well-defined increase in
negative values of ZDR and KDP associated with weak ZH as the VHF source rate density moves to highest
values of VHF source rate density. In the glaciated layer, a large amount of vertically aligned ice crystals in
a strong electric field is documented mainly for a density of sources larger than 30 per km2 in 4min. The gla-
ciated and upper part of the mixed 2 layers show a significant trend toward negative KDP with an increase in
the lightning density, in agreement with the theory of ice crystal alignment by the cloud electric field.
Needles and columns are the most probable radar target for these signatures. The values presented in
Table 2 can be used as guidance for VHF source rate density and to support future nowcasting algorithms
using polarimetric radar operating at X-band frequency. The combined use of VHF sources and polarimetric
signatures might be helpful in locating storms that are highly charged but have not yet produced lightning.
The LIS lightning events and polarimetric measurements showed very similar behavior compared with those
observed for VHF sources, i.e., negative values of KDP in the glaciated layer and lower ZDR values at higher
layers in stronger storms. Based on these results, a conceptual model is presented in Figure 10 for storms with
and without lightning activity.

These results open a perspective to the use the total lightning from GLM sensor as auxiliary information to try
retrievals of the storm microphysical properties. However, this relationship needs to be evaluated for other
regions, seasons, and different storms. Future work should explore the above observations on a storm-by-
storm basis, considering the storm life cycle. This paper has shown that the intrusion of supercooled rain-
drops in the mixed 1 layer is well correlated with the VHF source rate density and that a conspicuous negative
KDP in upper levels is observed primarily in situations with the highest lightning density. In this way, the evo-
lution of the cloud transitioning from storm to thunderstorm can aid the understanding of lightning forma-
tion from the first radar echo to the time of the first intracloud and cloud-to-ground lightning.
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