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Figure 8. Time series of updraft volume greater than 10 m s and graupel echo volume
(left axis), total lightning flash rate from the LMA data (right axis), and the positive and
negative CG flash rates (multiplied by 10 to fit on right axis) for 22 June 2000. The
statistics include the same storm cell volumes as in Fig. 4.
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CHAPTER 5

LIGHTNING AND CHARGE STRUCTURE

5.1 19 June 2000

In both storms 19A and 19B, IC flashes were most often observed by the LMA
near the reflectivity core, initiating both at a height of 8 km and 5 km (not shown). Those
initiating near 8 km typically propagated upward, with many more LMA sources above
the initial height, than below. The IC flashes originating near 5 km typically propagated
downward, with the majority of LMA sources below the initial height. This indicates a
likely region of positive charge around 8-11 km, a main negative charge region around 5-
8 km, and a lower positive charge layer below 5 km. This pattern is consistent with a
“normal tripole” charge structure (illustrated in Fig. 9; Williams 1989). In Figure 9, the
bulk of the LMA sources (which are most often associated with positive charge) were
found distributed throughout the entire storm depth between 2-11 km (Fig. 9). This
depiction of the charge structure is somewhat vague, given that some of those LMA
sources are in an inferred negative layer near 7 km. In the less electrically active phases
of the time series a dearth of LMA sources near 7 km is visible, however, coinciding with
the height of the inferred negative charge region (Fig. 9). Nonetheless, flash-by-flash
analysis is needed to better detect the true complexity of this storm’s charge structure, in

particular to identify that there was indeed an intervening negative charge layer near 7

km.
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Figure 10 therefore illustrates the radar observations and charge structure during
three flashes near 0019 in the mature phase of storm 19A, which were deemed
representative of the charge structure in both storms. Horizontal cross-sections of
reflectivity and vertical velocity show that the storm was multicellular, with multiple
reflectivity cores, and the low-level updraft was east (ahead) of the advancing storm (Fig.
10). The vertical reflectivity structure of the storm 19A (which is similar to that of storm
19B) is shown in Figure 10c-d. The main updraft was east (ahead) of the storm and
under an overhang in reflectivity. The charge structure in the reflectivity overhang (and
main updraft) resembled a “normal dipole” with a main negative charge region centered
around 7-8 km, and an upper positive charge region above at 9 km (Fig. 10c). In the core
of the storm, a normal polarity tripole structure can be seen, with the additional lower
positive region below 6 km (Fig. 10c). Once more in this projection, it is clear that most
of the LMA sources were contained in a region with precipitation ice, such as graupel and
small hail (Fig. 10d).

In the LMA data, negative CG lightning flashes usually initiated around 4-5 km
and then propagated downward into what is inferred to be a lower positive charge region
below the main negative region (the lower positive charge can be seen in Fig. 10, even
though this figure only includes LMA sources from IC flashes). The presence of a lower
positive charge region involved in the CG flashes supports the idea that a lower charge

region, of opposite sign, may be needed to initiate CG lightning toward the ground15

5 The few positive CG flashes associated with this storm system initiated around 5 km MSL and
propagated upwards into a region of numerous LMA sources (and thus inferred positive charge) just above
5 km MSL, with relatively few LMA sources below yielding an inferred region of lower negative charge
below 5 km MSL. This is also consistent with the aforementioned notion that CG lightning needs an
oppositely charged lower charge region to initiate CG lightning toward the ground. These CG flashes
occurred outside the storm core, and may have been the result of a lowering of the normal dipole charge
structure in the storm periphery.
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(Williams 1989, Williams et al. 1989, Williams 2001, Mansell et al. 2002, Marshall and
Stolzenburg 2002, Wiens et al 2005).

No CG flashes were observed in the mature phase of storm 19A between 0014-
0021; rather there were numerous IC discharges between the lower positive and main
negative regions (see Figs. 6, 10). The LMA sources in the inferred lower positive
charge region appeared vertically deeper and larger in area at this time as well. It is
possible that since many more IC discharges were detected between the main negative
region and the lower positive region, that there was an energetic preference for IC
discharges around that time. We presume a similar explanation for the absence of CG
flashes near 0140 in the mature phase of storm 19B.

Between 0017-0018, there was also a lightning hole observed in the LMA data
(not shown), which has been associated with stronger updrafts and bounded weak echo
regions (BWERS) in horizontal cross-sections of radar reflectivity (Krehbiel et al. 2000,
Wiens et al. 2005). A weak echo region and the core updraft were coincident with this
lightning hole (not shown), and it was also during the peak period of the maximum
updraft (see Fig. 5).

For the period between 0040-0100, when there was no CG activity, the lower
positive region was much less evident and thus the storm exhibited more of a normal
dipole structure (see Figs. 6, 9). Again, this supports the notion that in order for there to

be CG lightning, a lower charge region is needed.
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5.2 22 June 2000

On 22 June, as seen in Figure 11, a maximum of LMA sources around 9 km was
evident from the beginning of the analysis period. This generally corresponded to a
relatively well-defined and persistent inferred positive charge layer at this height during
this time period. After 0010, near the time of the cell merger, this maximum in LMA
sources deepened and was more centered around 8 km, corresponding to a temperature of
approximately —20 °C (Fig. 11). Flash rates at this point exceeded 400 min™.

As might be expected from the extraordinary flash rates on 22 June, the charge
structure of this storm system was very complex, and discrete charge layers
representative of the entire storm at any given time could not be realistically deciphered.
However, we will attempt to describe the general charge structure that was seen in the
LMA data, especially during periods of interesting CG activity. It is easier to do this if
we discuss the charge structure of individual regions of the storm, in particular the
eastern flank (i.e. overhang and anvil region), the northern and central portions (formerly
cells 22A and 22B, respectively), and the southern portion (cell 22C; Fig. 12).

The eastern flank of the 22 June storm (i.e. the anvil area and reflectivity
overhang) consistently exhibited an area of inferred positive charge between 7-10 km,
with inferred negative charge above that at 10-12 km (Fig. 13c). The negative CGs
associated with this storm, especially in the period between 0011-0022 when negative
CG lightning dominated, were primarily located in the far eastern flank of the storm,
under this inverted dipole. The CG flashes typically originated from 9-10 km, tapping
the upper negative charge. Reflectivity in the anvil area was fairly low (less than 20

dBZ; Fig. 13c), and unfortunately the scan sector from CSU-CHILL did not include this
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portion of the storm to identify hydrometeors via polarimetric radar observations
(specifically vertically oriented ice would have been of particular interest). However, the
core of the storm was mostly graupel echo with some small and large hail (Fig. 13d).

Figure 13 also shows the time when cells 22A and 22B had just begun to merge,
and when cell 22C was originally detected south of the cell 22AB merger (near x =-55, y
= 10). The low-level wind vectors clearly show a region of convergence along the apex
of the cell merger, with westerly motion in Cell 22A and southerly winds in Cell 22B
(Fig. 13a). The updrafts are also organizing along this convergence line, and a broad
region of updraft greater than 10 m s™ is evident at 7 km (Fig. 13b).

Cell 22A (the northern portion of the 22 June multicell) had multiple charge
layers, and no CG activity until 0024. A generalization of this charge structure from
2350-0020 could be termed a double dipole or a normal tripole with an extra upper
negative layer. More specifically, inferred negative charge was present above 10 km,
inferred positive charge resided between 8-10 km, another layer of inferred negative
charge was observed between 6-8 km, and a second layer of positive charge resided
between 4-6 km (Fig. 14c). Four-layer charge structures have also been documented by
Stolzenburg et al. (1998) within convective updraft regions. By 0010 (the beginning of
the merger with cell 22B), the charge layers in the eastern portion of cell 22A became
more complex and difficult to discern. However, positive charge was observed over a
considerable depth (between 4-10 km) in the eastern portion of the storm core, where the
broad new updraft was developing and ingesting mm-sized drops (see Figs. 14-15). A
four-layer structure was still evident in the western portion of the cell during this time.

Also notice the similarities between the horizontal cross-sections of radar reflectivity

126



seen in Figure 14 and the LMA source density in Figure 12. This implies that, to some
degree, the LMA source density could be a proxy for radar reflectivity.

By 0024, the cell merger was complete and the northern portion of cell 22AB
(formerly cell 22A) was producing abundant positive CG lightning (Fig. 16). These
positive CGs typically originated around 7 km and typically came to ground below a
region of inferred lower negative chargew. Figure 16 illustrates the radar structure
during the time of peak positive CG lightning production. In Fig. 16a, it is apparent that
cells 22A and 22B have merged into a large cell, with cell 22C at the southernmost tip.
The updraft is on the eastern (leading) flank, still in a region of low-level wind
convergence, and the positive CG lightning activity is clustered in the northernmost
region of this storm (formerly cell 22A). Very high reflectivities (> 60 dBZ) are now
evident aloft (at 7 km in Fig. 16b), indicating substantial precipitation ice aloft (also
corroborated by FHC; not shown). A reflectivity overhang is still apparent, surrounding
the main updraft (greater than 25 m s™), in Figure 16c. In a vertical projection, it is clear
that the cluster of positive CG strikes comes to ground below the main reflectivity core,
where lower negative charge was observed and hail was detected to be falling out of the
storm (Fig. 16c-d).

The central portion of the analysis area (and formerly cell 22B) had a general
inverted charge structure (see Fig. 13c). Upper negative charge was inferred between 9-

12 km, with a region of main positive charge between 6-9 km, and lower negative charge

'® As described in Wiens et al. (2005), positive breakdown is less noisy at LMA frequencies and therefore
is not detected as well with the LMA. In addition, with the high flash rates observed in this storm system,
it was difficult to assess the initiation height and charge layers associated with each positive CG flash.
Negative breakdown associated with negative CG flashes was detected much better with the LMA and thus
we are much more confident with our estimates of flash initiation height and associated charge layers in
those cases.
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from 4-6 km (the lower negative charge is not evident in the flashes shown in Fig. 13).
Few CGs were observed within this portion of the storm, but those that were observed (in
the first 20 minutes of the analysis period) were of positive polarity. By 0015, shortly
after cell 22B merged into cell 22A, the charge layers were much more complex.
Nonetheless, as in the former region of cell 22A, there seemed to be a much deeper
positive charge region at this point (from 5-10 km).

Cell 22C exhibited a fairly persistent inverted tripole charge structure throughout
the analysis period. Upper negative charge was inferred between 10-12 km, main
positive charge between 6-10 km, and lower negative charge between 4-6 km (not
shown). The charge structure of cell 22C and the eastern flank/anvil of this storm system
exhibited much more straightforward and persistent charge layers. Even cells 22A and
22B exhibited relatively simple charge layers prior to their merger. It was evident that
the charge layers in cells 22A and 22B became more complex after they merged into cell
22AB, perhaps because the total LFR nearly doubled during this time and charge
deposition from lightning can add complexity to observed charge structures (Coleman et
al. 2003), but overall a much deeper layer of positive charge was observed. In addition,
flash start heights (indicating the height between two opposite charge layers where the
electric field is enhanced and bi-directional breakdown initiates) broadened after the
merger, possibly suggesting that there were more dipoles present to initiate IC flashes

post-merger (not shown).
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5.3 Summary

The 19 June storm consisted of weaker, shallow convection and produced little-
to-no hail and average total flash rates on the order of 10 min™. The cells in the 22 June
storm were more vigorous, exhibited strong, broad updrafts, and produced large
quantities of hail, as well as having extraordinary total flash rates on the order of 100
min™.

The LMA data indicate that the charge structure of the 19 June storms was
consistent with a normal polarity tripole, and both storms 19A and 19B produced
predominantly negative CG lightning. The negative CG lightning in these storms
typically originated near 5 km, between an inferred main negative region and a lower
positive charge region. Furthermore, during the mature phases of 19A and 19B, brief
lulls in the (negative) CG flash rate were observed, causing the IC:CG ratio to become
infinite. These lulls appeared to have excess IC flashing in between the lower positive
and main negative charge regions. The LMA-inferred charge structure in the 22 June
cells was typically an inverted tripole, and the positive CG lightning on 22 June generally
occurred in regions with a midlevel layer of positive charge and a lower layer of negative
charge, though not all positive CGs on this day could be identified in the LMA data with
confidence (see section 5.2).

The negative CG lightning observed in the 22 June cells was typically under the
anvil in a region with an inverted dipole charge structure. The negative CGs originated
around 9 km between the upper negative and main positive charge layers of the inverted
dipole. Though having CG flashes come to ground below the main dipole, rather than just

having IC flashes within it, is somewhat contrary to our statement that lower opposite

129



charge below the dipole (i.e. a tripolar structure) is needed for a CG flash (see Section
5.1), there is still some consistency. Primarily, the bottom layer of the dipole was a layer
of positive charge, which was detected below the negative charge in these negative CGs,
suggesting a “lower” opposite charge layer was present. Secondarily, perhaps the reason
that these flashes came to ground, instead of remaining an IC flash, was because the
strength or depth of the “lower” positive charge was weak relative to that of the upper
negative charge, such that the positive charge was quickly neutralized and the discharge
continued to propagate to ground. This latter condition may have been more common in
the anvil than in the core of the storm, explaining the prevalence of negative CGs under
the anvil.

In cell 22A’s early charge structure, four alternating layers of charge (with
positive charge as the lowest layer) were observed, such that this could be termed a
‘double dipole’ or normal tripole plus an additional negative layer at the top (Fig. 14).
This charge structure was also seen in the early developing phase of the 29 June supercell
(Wiens et al. 2005). In the 19 June case, we observed the normal tripole, but we did not
observe the fourth (upper negative) layer, perhaps because the storm was too shallow.
The heights of the charge layers between the normal tripole of 19 June and the lowest
three layers of the four-layer structure in 22 June were very similar. It appears that the
four-layer charge structure of the positive CG cases (22 June and 29 June) evolved into a
more general inverted tripole just prior to the onset of frequent positive CG activity. One
might consider that the 22A storm charged normally and then, by some means, evolved

into an inverted tripolar structure (see Chapter 6 for speculation on the processes



affecting this evolution). In cells 22B and 22C, however, an inverted tripole structure
was observed from the beginning of the analysis period.

Stolzenburg et al. (1998) showed observations of four charge layers in convective
updrafts and six layers outside of updraft regions. The charge layers outside the updraft
were certainly not as organized (or perhaps just more complex) than in the updraft
regions, especially in the high flash rate cases of 22 June and 29 June (see Wiens et al.
2005), and therefore the six plus layer model might still be valid. However, the LMA
observations show a general tripole charge structure in each of the cases outside of the
updraft, especially once the storms became mature, while inside the updraft region the
lowest charge layer of the tripole was either absent or not involved in any lightning
flashes and the remaining dipole was somewhat elevated compared to the layers observed
outside the updraft (see Figs. 10, 13, 14, 16). One possible explanation for this difference
in our observations is that the local electric field can be altered by the actual lightning
activity (via charge deposition) and the charge structures inferred from EFM balloon
soundings may reflect those transient changes (Coleman et al. 2003). The LMA
observations indicate the heights of the radiation sources involved in each flash, and the
charge structure is then inferred following the methods outlined in section 2.2. Thus, in
our opinion, the LMA charge structure observations give a more general picture of the

charge structure than the EFM balloon soundings alone.
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Figure 9. Time-height contours of the total number of LMA sources (color-shaded in
logarithmic units) with the total flash rate time series overlaid in black for 19 June 2000.
Plus and minus symbols indicate LMA-inferred gross charge structure. Smaller plus
symbols indicate a smaller region of lower positive charge, versus a relatively larger
region during times with a larger lower plus symbol.
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Figure 10. S-Pol reflectivity at 0019 on 20 June 2000 at (a) z=3 km MSL and (b) z="7
km MSL, with updraft contours at 5 m s overlaid in black, and (c) y = -16 km in
grayscale with updraft contours at 5 m s™ overlaid in pink. FHC at y = -16 km with
reflectivity contours every 10 dBZ, beginning with 10 dBZ, overlaid in black is displayed
in (d). Ground relative wind vectors are overlaid in gray in (a). LMA sources from three
representative flashes between 00:19:14-00:19:17 are overlaid as positive (red) and
negative (green) charge in (c).
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Figure 11. Time-height contours of the total number of LMA sources (color-shaded in
logarithmic units) with the total flash rate time series overlaid in black for 22 June 2000.
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Figure 12. Plan view of LMA source (log) density between 0010-0020 on 23 June 2000.
NLDN strikes during this 10-minute period are overlaid in black as ‘x’ for positive and a
diamond for negative. Regions are labeled as cells A, B, C, and the overhang (OH) for
reference to the discussion in the text. Cells A and B are merging during this time period.
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Figure 13. KGLD reflectivity at 0009 on 23 June 2000 at (a) z = 3.5 km MSL with black
updraft contours at 5 m s™, (b) z= 8 km MSL with a black updraft contours every 10 m s”
. beginning with 10 m s, and (c) y = 32 km in grayscale with pink updraft contours
every 10 m s, beginning with 10 m s. FHC (from CSU-CHILL) at y = 32 km with
KGLD reflectivity contours every 10 dBZ, beginning with 10 dBZ, overlaid in black is
displayed in (d). Ground relative wind vectors are overlaid in gray in (a). LMA sources
from approximately 7 flashes (including one negative CG) between 00:13:32-00:13:35 as
positive (red) and negative (green) charge are overlaid in (c). NLDN strikes between
0009-0014 are overlaid in all panels, with a black ‘X’ for positive and black diamond for
negative CG flashes.
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Figure 14. Same as Figure 13, except for at 0015 on 23 June 2000, only 10 m s™ and 30 m
s contours are overlaid in (b), and y = 38 km in (c) and (d). LMA sources from
approximately 30 flashes between 00:14:39-00:14:56 as positive (red) and negative
(green) charge are overlaid in (c). NLDN strikes between 0015-0020 are overlaid in all

panels, as in Figure 13.
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Figure 15. Vertical cross-section at y = 38 km (same as in Fig. 13) of differential

reflectivity (Zdr) at 0015 on 23 June 2000, with black updraft contours every 10 m s™,
beginning with 10 m s™.
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Figure 16. Same and Figure 13 except for at 0022 on 23 June 2000, and y = 51 km in (c)
and (d). LMA sources from approximately 6 flashes (including one positive CG)
between 00:25:13-00:25:14 as positive (red) and negative (green) charge are overlaid in
(c). NLDN strikes between 0022-0027 are overlaid in all panels, as in Figure 13.
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CHAPTER 6

DISCUSSION

Regardless of the polarity of the CG lightning observed in these two cases, and to
the extent of our ability to detect the charge layers involved and/or present during the
time of the CG flashes, a lower'” charge layer of opposite polarity was present at all times
when CG flashes were observed. This lower charge layer was also typically not seen in
the updraft regions, but in the region of the precipitation (reflectivity) core in the vertical
cross sections. When this lower opposite charge layer was not present, we did not
observe CG flashes. Therefore, following the conclusions of Williams (1989), Williams
et al. (1989), and Mansell et al. (2002, 2005), we conclude that the lower opposite charge
layer may be necessary for a CG flash to come to ground.

However, CG flashes were not always observed when the lower opposite charge
layer was detected. In some cases, during the mature phases of cells 19A and 19B in
particular, there were lulls in the CG flash rate while the IC flashing between the main
charge layer and this lower opposite charge layer became very active, thus causing the
IC:CQG ratio to become infinite. High IC:CG ratios have been observed by MacGorman

et al. (1989) coincident with peak IC flash rates and kinematic strength in severe

' The use of the term “lower” here does not only refer to the lowest charge layer in a tripole configuration,
but also to the layer of opposite (positive) charge that was located below the upper (negative) charge region
of the (inverted) dipole involved in the 22 June negative CG flashes under the anvil. In general, we are
referring to a layer of opposite charge being present below the charge layer being discharged by the CG
flashes.
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Oklahoma storms, and Lang and Rutledge (2002) showed, for a broader spectrum of
storms, that increased kinematic intensity (updraft strength and volume) was common to
low-CG (high IC:CG ratio) storms.

MacGorman et al. (1989) proposed an elevated charge mechanism, which
suggests that intense updrafts elevate the charge layers in thunderstorms. This causes
there to be greater distance between the ground and the charge layers and reduces the
potential for ground flashes, while enhancing the IC flash rate. In partial agreement with
this idea, we found a dipole charge structure within (strong) updraft regions and the
charge was elevated (see Fig. 17b), and yet CG flashes were still occasionally observed
below the somewhat elevated dipole (see Section 5.3). Generally, however, the majority
of CG flashes were located outside the updraft below a tripolar charge structure in the
reflectivity core. When the majority of CG lightning comes to ground outside the
updraft, and when CGs are still observed below an elevated dipole, it casts doubt upon
whether the elevated charge mechanism is actually affecting the CG flash rate. Perhaps
during the intensification of the storm, coincident with peak IC flash rates and increasing
kinematic intensity, the mechanism responsible for the generation of the lower charge
layer is enhanced. This initial enhancement of the lower charge layer may then make IC
flashes more energetically favorable than CG flashes, and thus might temporarily reduce
the CG flash rate.

Dramatic differences in storm kinematics were observed between the 19 June and
22 June storms. The 22 June PPCG multicellular storm had similar maximum updraft
speeds and UV10 as the 29 June PPCG supercell (Tessendorf et al. 2005), while the 19

June negative CG multicellular storm had two orders of magnitude less UV10 and less
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than half of the maximum updrafts speeds as the two PPCG storms. How might the
kinematic intensity affect the resultant charge structure and polarity of CGs produced?

Lang and Rutledge (2002) showed that enhanced kinematic intensity was a
distinguishing factor of PPCG storms compared to non-PPCG storms. Williams et al.
(2005) suggested that intense, broad updrafts, which are less susceptible to entrainment,
should have higher supercooled liquid water contents (LWC) in the mixed-phase region.
Enhanced LWC has been shown to cause the rimer (i.e. graupel) to acquire positive
charge after an ice-ice collision (Takahashi 1978) and could perhaps explain the inverted
(or opposite) sign of charge in the mixed-phase regions of these kinematically intense
storms (around -10 to -20 °C).

We should point out that both of the PPCG storms did not have a clear inverted
charge structure from the beginning (recall the four-layer structures of cell 22A and the
29 June supercell; Wiens et al. 2005), but it appeared that after some event in the storm’s
evolution, perhaps surges in updraft speed and increases in UV10, the storms became
more inverted. Furthermore, the evolution of cell 22A into an inverted storm seems to be
in conjunction with the development of the broad, strong updraft on the eastern flank of
the cell. Recall that the four-layer, perhaps normal, charge structure was initially
observed in cell 22A, and then as it merged with cell 22B a new broad updraft developed
on the eastern flank, during which time a deep region of positive charge began to appear
in the vicinity of that new updraft. The original four-layer charge structure was still
evident, however, only the western flank of the storm (Fig. 14). This may give further
evidence in favor of the kinematic argument as at least part of the reason for inverted

storms.
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Nonetheless, kinematic intensity cannot be the only factor leading to inverted
charge structures, given that kinematically intense (severe) storms are observed in other
regions of the U.S. and yet they still produce mostly negative CG lightning (Perez et al.
1997, Carey and Rutledge 2003). Therefore, we ask ourselves what other factor(s) could
be aiding in the development of inverted charge structures, and subsequent PPCG
lightning?

Williams et al. (2005) showed that climatologically higher cloud base heights, in
combination with enhanced instability, are a unique feature of the High Plains. They
suggest that higher cloud bases, relative to the melting level, reduce the warm cloud
depth, and therefore lessen the opportunity for warm rain processes to deplete liquid
water before it can reach the mixed-phase region of a storm. Wiens (2005) suggested that
enhanced shear can offset the precipitation core from the updraft, and therefore allow the
cloud base under the updraft to remain higher. This may have a similar effect on mixed-
phase LWC as the idea proposed by Williams et al. (2005). Furthermore, we speculate
that perhaps enhanced vertical wind shear elevates mixed-phase LWC if horizontal wind
flow in the storm is curved such that precipitation grown in the storm can be re-ingested
by the updraft. Elevated Z4 values below the updraft are evidence of mm-sized drops
(larger than can be grown from scratch below cloud base) being ingested into the updraft.
Both the 22 June storm (see Fig. 15), as well as the 29 June supercell (Tessendorf et al.
2005), exhibited ‘Z4 columns’. The details of the microphysical processes that these
recirculated drops undergo is quite complex, however, and both in situ observations and
numerical simulations would be needed to further assess their potential for affecting non-

inductive charging.
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The High Plains region has a high frequency for hail (Changnon 2000) as well as
PPCG storms, so how might hail affect the polarity of CG lightning? Hail production
was also a distinguishing factor between the 19 June and 22 June storms (as well as the
29 June supercell; Tessendorf et al. 2005). It is possible that we commonly see hail in
PPCG storms because higher LWC and strong kinematics are also conditions favorable
for hail growth. At present, it is unclear whether the hail carries charge or is involved in
charging that may invert the charge structure. Some studies suggest that hail is not an
active participant in non-inductive charging collisions, due to its low number
concentration relative to graupel it may carry less charge, and/or its tendency to grow wet
or spongy, which may cause ice crystals to stick, rather than rebound, after a collision
(Carey and Rutledge 1998, MacGorman et al. 2002, Kuhlman et al. 2006). Nonetheless,
hail was present in the precipitation cores of the PPCG storms discussed herein. Whether
it was actively involved in creating the inverted charge structure, or whether it had a role
in the development of the lower negative charge layer involved in the positive CG flashes

is beyond the scope of this paper, but warrants further study.
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Figure 17. Schematic drawings of the general charge structure evolution for the (a) 19
June and (b) 22 June storms. Bold blue arrows are a proxy for updraft, and thus their size
and width scales accordingly.
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CHAPTER 7

CONCLUSIONS

The occurrence of inverted charge structures has now been documented in several
storms, and enhanced kinematic intensity has continually been a distinguishing factor in
PPCG storms, supporting Lang and Rutledge (2002), Williams et al. (2005), and Wiens et
al. (2005). Secondly, the importance of the lower positive (negative) charge layer in the
production of negative (positive) CGs is reemphasized. CG lightning that was detected in
these two cases were observed in the presence of a lower opposite charge layer and/or the
LMA-mapped flash involved a lower opposite charge layer. When the lower charge layer
was not detected or had few LMA sources (indicating few flashes involved this layer),
CG flashes were more rarely observed. Moreover, a temporarily enhanced lower charge
layer is suggested as an alternative to the elevated charge mechanism to explain lulls in
CG flash rates during periods of high IC flashing. In order to validate these ideas, further
research is needed to better identify and understand the specific storm processes that are
involved in generating inverted charge structures and in the development of the lower
charge layer. This needs to be done by incorporating numerical models of cloud
thermodynamics, microphysics, and electrification and by acquiring more in situ

observations of particle charge and LWC within the electrified regions of thunderstorms.
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PART IV: OVERALL SUMMARY AND CONCLUSIONS



CHAPTER 1

SUMMARY

In this dissertation, four cases from the STEPS field campaign have been studied
in detail: one negative CG-dominated storm, a storm where no CGs (of either polarity)
were observed, and two positive CG-dominated (or PPCG) storms. This part of the
dissertation provides an overall summary of the observations presented in Parts I-III, and
highlights the main conclusions from these studies.

The objective of this dissertation was to analyze Doppler and polarimetric radar
observations, in addition to LMA total lightning data, to determine the charge structure of
each storm, especially in relation to the polarity of cloud-to-ground lightning, and assess
the kinematic and microphysical processes in each storm that relate to the observed
electrification and lightning. In Part I, kinematics and microphysics of the 29 June 2000
PPCG supercell were presented, with a special focus on the mechanisms related to hail
production. The electrification and lightning observations of the 29 June 2000 supercell
are summarized in Wiens et al. (2005). In Part II, the radar and lightning observations of
the 3 June 2000 LP supercell, where no CG lightning was detected, were discussed. In
Part III, radar and lightning observations of two multicellular storms were presented: the

19 June 2000 negative CG-dominated storm and the PPCG storm on 22 June 2000.
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1.1 Kinematic and microphysical relationships

The four cases studied in this dissertation fall onto distinct locations on a
spectrum of kinematic intensity (via UV10 in Figure 1). The kinematically weakest
storm was that of 19 June, with UV10 on the order of 10 km® (Fig. 1) and maximum
updraft speeds near 15 m s (see Part III). The UV10 on 3 June (O ~ 10? km®) was on
order of magnitude higher than on 19 June, and the UV10 on 29 and 22 June were even
an order of magnitude larger than 3 June at 10° km®’. Maximum updraft velocities on 3
June were near 25 m s”' (see Part II), while they were twice as high (near 50 m s'l) on 29
and 22 June (see Parts I and III), further supporting the observation that the overall
kinematic intensity (UV10 and maximum updraft) was highest in the PPCG storms (Lang
and Rutledge 2002).

The graupel EV related to UV10 such that for high UV10 (greater than 10* km?),
graupel EV increased, yet for lower UV10, the graupel EV seemed nearly constant at
around 10° km® (Fig. 1). The data points from 19 June (in the lower end of the UV10
spectrum) might be influenced by seeding of graupel particles grown in nearby
convection, especially in storm 19 B, such that the graupel EV values may be higher than
they would have been without seeding and based only on the kinematic intensity of the
storm itself (see Part III). Thus, the graupel EV and UV10 relationship might be more
linear in the absence of these possible seeding effects.

Figure 2 shows that as UV10 increases, the maximum hail EV observed at each
UV10 interval increases (Fig. 2), but the remaining hail EV values can vary below that
maximum value for all UV10 magnitudes. These variations indicate that although UV10

may constrain the maximum hail EV that can be produced, it alone does not govern the
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quantity of hail produced by a storm, which more likely is a combination of other factors
that also include maximum updraft and vertical vorticity. In Part I, four criteria for
(large) hail growth were outlined: (1) small near-mm to mm-sized embryonic particles
must be present, (2) there must be a mechanism for transporting these particles into the
updraft, (3) the updraft must be of sufficient size and intensity to grow these embryonic
particles into hail, and (4) the horizontal winds must keep the growing particles within
favored hail growth conditions. In particular, it was shown that UV10 was required to
produce hail, but that a large region of cyclonically curved flow around the right flank of
the updraft was apparently critical for the production of any hail larger than 20 mm. The
lack of cyclonic vorticity on the right flank of the updraft in 3 June may have prevented
that storm from producing large hail as 29 June did. It is noteworthy that the 3 June
storm was very similar to the 29 June storm, prior to its right turn, especially in their
magnitudes of UV10, graupel EV, and total lightning flash rate (Figs. 1, 3). It is unclear,
however, exactly why the 29 June storm became so much more intense, other than that
the beginning of its intensification was coincident with the right turn. Furthermore, the
cyclonic vorticity in 29 June was collocated with the updraft (as it was during in the 3
June storm) prior to its right turn, and then it became more offset on the right flank of the

updraft after the right turn, allowing for large hail growth (see Parts I and II).

1.2 Kinematic and microphysical relationships with lightning
It has been well established that riming ice (i.e. graupel) is important in charge
separation based on precipitation charging theory (Takahashi 1978, Saunders and Peck

1998). The relationship between graupel EV and total lightning flash rate in these four
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cases further supports this important relationship. As seen in Figure 3, the total lightning
flash rate increases as the quantity of graupel EV increases. It is also clear in this figure
that the 22 June storm had the highest flash rates and graupel EV, followed by 29 June,
where in both cases the total flash rates were on the order of 100 min™. The 19 June
storm had more moderate flash rates and graupel EV, while the 3 June storm had very
low flash rates (none greater than 30 min™) and graupel EV. There are a few data points
in Figure 3 from 29 June where the flash rates were as low as those on 3 June, and the
graupel EV was lower than any of the other cases. These points are from the early
evolution of the 29 June storm prior to its severe right mature phase, during which time it
exhibited flash rates and graupel EV near the same magnitude as the 3 June storm. The
extraordinary flash rates as high as 300 min"'and high quantities of graupel EV in 29 June
were observed during its severe right mature phase.

It has also been shown that total flash rate tends to scale with kinematic intensity
(Lang et al. 2000, Lang and Rutledge 2002), however in these observations, the 3 June
storm is an outlier for both the relationships between UV10 and total flash rate (Fig. 4), in
addition to maximum updraft velocity versus total flash rate (see section 1.1 for
discussion of maximum updraft between the four cases). The flash rates in 3 June are
particularly low for the kinematic strength of the storm, perhaps because it produced less
graupel compared to storms with similar UV10 and maximum updraft (see section 1.1).
Graupel has been shown to be important for electrification processes, as shown in Fig. 3,
and the 3 June data follows this relationship (graupel EV and total flash rate) much better
than for kinematic intensity versus total flash rate. It is also important to note that the

storms with the highest flash rates and UV 10 were the two PPCG storms (29 June and 22
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June). Consistent with Lang and Rutledge (2002) and Williams et al. (2005), the PPCG
storms have very strong kinematic intensity, perhaps allowing enhanced positive
charging of graupel (via large supercooled liquid water contents in the storm) and leading

to inverted charge structures.

1.3 Charge structure

The negative CG-dominated storms on 19 June had characteristic normal polarity
charge structures. Midlevel negative charge was observed at 7-8 km (-10 to -15 °C), with
upper level positive charge near 10 km, making up a “normal dipole” in the storm (Fig.
5a). In the precipitation core (particularly not in the updraft region), a lower level
positive charge layer was commonly observed below 5 km, making the charge structure
consistent with a “normal tripole” (Williams 1989).

The 3 June storm exhibited an “inverted dipole” charge structure, with a deep
midlevel region of positive charge from 6-8 km (-10 to -20 °C) and an upper level layer
of negative charge at 10-11 km (Fig. 5b). There were never any flashes indicating a
lower level negative charge throughout the evolution of this storm. The PPCG storms of
29 June and 22 June both exhibited characteristic “inverted tripole” charge structures,
especially once they had entered their intense phases and were producing frequent
positive CG lightning (Fig. 5c-d). These charge structures consisted of a midlevel
positive chare region and an upper level negative layer, much like that of 3 June, but
there was also a lower level negative charge layer observed in these storms, mostly
confined to the precipitation core. In the updraft regions of 29 June and 22 June, during

their final stage in charge structure evolution (i.e. their PPCG phase; see the right hand
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side of Fig. 5c-d), both storms exhibited an inverted dipole with positive charge
underlying negative charge.

During the early evolution of the 29 June and 22 June (cell 22A) charge structure,
a four-layer alternating charge structure, the lowest layer being positive charge, was
observed (see the left hand side of Fig. Sc-d). This type of charge structure could be
termed a “double dipole” where both dipoles are inverted, or a normal tripole “plus one”
(with the additional upper negative layer). There were IC flashes that originated between
both the upper and lower dipoles. In cell 22A, as it began to merge with cell 22B and a
strong, broad updraft developed on its eastern flank, a deeper region of positive charge
was observed (see Part III). It appears, in both of these cases, that the charge structure
evolved into an inverted tripole, rather than being inverted from the very beginning (such
as the 3 June storm was). It was not until the storms had developed the general inverted
tripole charge structure that they began producing frequent positive CG lightning.

The lack of CG lightning in the 3 June (inverted dipole) storm and prior to the
development of the inverted dipole in the 29 and 22 June storms, lends support to the
involvement of a lower negative charge layer in positive CG flash development. In
addition, the positive CG flashes in these cases were observed to come to ground below
the lower negative charge layer (Fig. Sc-d). This is analogous to a lower positive charge
layer being required for a negative CG to come to ground (Williams 1989, Williams et al.
1989, and Mansell et al. 2002, 2005). Indeed, in the 19 June storm, negative CG flashes
were also observed to come to ground below the lower positive charge layer of the
normal tripole charge structure (Fig. 5a). Negative CGs were also observed in the 22

June storm, however, in this case they emanated from an upper level negative charge
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layer at 11 km, and came to ground through the midlevel positive charge layer of the
inverted dipole in the anvil (Fig. 5d). Nonetheless, an intervening “lower” positive
charge layer was involved in the flash and present below the negative charge being
tapped by the CG discharge.

The presence of the lower opposite charge layer alone may not be sufficient to
indicate that CG flashes will occur, however, as we observed lulls in CG flash rate even
when a lower opposite charge layer was detected. A specific example of this occurred on
19 June, during both intensification phases of storms A and B (see Part III). During these
lulls in negative CG flash rate, enhanced IC flashes between the lower positive charge
layer and the midlevel negative region were observed. This suggests that IC flashes were
energetically favorable over CG flashes during these times. Though we cannot identify
the reason for this preference for low-level IC flashes, we speculate that perhaps the
lower positive charge layer was temporarily enhanced during these intensification periods
such that charge from a lightning discharge would be neutralized before making it to
ground. Regardless of the mechanism that prevents CGs from occurring in the presence
of lower opposite charge, the presence of the lower opposite charge layer seems

necessary in order for CGs to occur.

158



Updraft volume vs. graupel echo volume
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Figure 1. Scatter plot of updraft volume greater than 10 m s™ (UV10) versus graupel
echo volume for all four cases studied, with each ‘X’ representing a single radar
volume/analysis time, color-coded by case (black = 29 June, red = 3 June, blue = 19 June,
green = 22 June).
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Updraft volume vs. hail echo volume
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Figure 2. Same as Figure 1 except for UV10 versus hail echo volume.
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Total flash rote vs. graupel echo volume
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Figure 3. Same as Figure 1 except for total flash rate versus graupel echo volume.
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Updraft volume vs. total flosh rate
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Figure 5. Schematic illustrations summarizing the representative charge structure
evolution for each of the four cases: (a) 19 June (from Part III), (b) 3 June, (c) 29 June
(from Wiens et al. 2005), and (d) 22 June (from Part III). Bold blue arrows illustrate the
characteristic size and strength of the updraft. CG flashes are illustrated in red (positive
CG) and green (negative CG). Thin blue arrows illustrate relevant airflow and particle
motions.
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CHAPTER 2

OVERALL CONCLUSIONS AND FUTURE WORK

The occurrence of inverted charge structures has now been documented in three
storms observed during STEPS, two of which exhibited inverted tripole structures and
produced PPCG lightning. Much like the lower positive charge layer has been deemed
important in producing negative CG flashes, we suggest that the lack of the lower
negative charge layer, which completes the inverted tripole (which, if present would
provide the downward bias for positive CG flashes), was a key factor in preventing the 3
June storm from producing positive CG flashes. CG lightning that was detected in these
cases were observed in the presence of a lower opposite charge layer and/or the LMA-
mapped flash involved a lower opposite charge layer. When the lower charge layer was
not detected or weakly detected, CG flashes were more rarely observed. Thus, the
importance of the lower positive (negative) charge layer in the production of negative
(positive) CGs has been documented by our LMA observations, and we would therefore
add a lower negative charge layer to the inverted dipole (Williams 2001), making it an
inverted tripole, hypothesis for the charge structure responsible for producing PPCG
storms in the STEPS region.

Additionally, based on the observations presented herein, enhanced kinematic
intensity remains a distinguishing factor in PPCG storms, supporting Lang and Rutledge

(2002), Williams et al. (2005), and Wiens et al. (2005). However, we suggest that
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enhanced kinematic intensity is not a sufficient condition for inverred storms, given that
the 3 June storm was also inverted but had only moderate kinematic intensity, and
kinematically intense storms are observed in other regions of the U.S. which produce
mostly negative CG lightning (these storms more than likely have normal charge
structures though there are limited charge structure observations to confirm this).

There are clearly more questions to be answered and further work is needed to
validate the ideas presented herein. Specific questions that still need addressed are:

1) What causes a charge structure to become inverted?

2) How does the low-level charge layer (involved in CG flashes) develop?
Environmental variables, those specific to the STEPS region in particular, might have
some influence on the high frequency of PPCG storms in this region, however, statistical
analysis of a variety of environmental parameters in relation to the polarity of CG
lightning over a broad region (extending well beyond the anomalous PPCG region) is
needed. In addition, it has certainly been shown, conceptually and through storm-scale
observations (Lang and Rutledge 2002, Williams et al. 2005, Wiens et al. 2005, herein),
that enhanced kinematic intensity might contribute to the development of inverted charge
structures, however, as mentioned above it is not a sufficient condition. We need better
in situ measurements of liquid water content in updrafts (or more importantly, regions
where charge separation is occurring), as well as more consistent laboratory studies of
non-inductive charging to better assess the parameters that might cause an inverted
charge structure to develop. In order to answer the second question, we need charge

structure observations of more storms (both with and without CG flashes), in addition to
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modeling simulations to better understand the processes (inductive vs. non-inductive,

etc...) that contribute to the production of the lower level opposite charge layer.
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