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ABSTRACT

Lightning data from the Pacific Lightning Detection Network (PacNet) and Lightning Imaging Sensor
(LIS) on the Tropical Rainfall Measuring Mission (TRMM) satellite were compared with TRMM precipi-
tation radar products and latent heating and hydrometeor data. Three years of data over the central North
Pacific Ocean were analyzed. The data were divided into winter (October—April) and summer (June-Sep-
tember) seasons. During the winter, the thunderstorms were typically embedded in cold fronts associated
with eastward-propagating extratropical cyclones. Summer thunderstorms were triggered by cold upper-level
lows associated with the tropical upper-tropospheric trough (TUTT). Concurrent lightning and satellite data
associated with the storms were averaged over 0.5° X 0.5° grid cells and a detection efficiency correction
model was applied to quantify the lightning rates. The results of the data analysis show a consistent loga-
rithmic increase in convective rainfall rate with increasing lightning rates. Moreover, other storm charac-
teristics such as radar reflectivity, storm height, ice water path, and latent heat show a similar logarithmic
increase. Specifically, the reflectivity in the mixed-phase region increased significantly with lightning rate and
the lapse rate of Z decreased; both of these features are well-known indicators of the robustness of the cloud
electrification process. In addition, the height of the echo tops showed a strong logarithmic correlation with
lightning rate. These results have application over data-sparse ocean regions by allowing lightning-rate data

833

to be used as a proxy for related storm properties, which can be assimilated into NWP models.

1. Introduction

Accurate knowledge of the distribution and evolution
of moisture and latent heating fields associated with
deep convection is essential for accurate numerical
forecasts of cyclogenesis (e.g., Anthes et al. 1983; Brennan
and Lackmann 2005). The paucity of in situ observa-
tions over the North Pacific Ocean can lead to significant
errors in the initial moisture fields’ input into opera-
tional numerical models. These observational errors in
turn often lead to large forecast errors in simulated storm
geopotential height, wind, and rainfall (e.g., McMurdie
and Mass 2004).

Radiosonde and weather radar sites are limited to a
few Pacific islands that are generally located thousands
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of kilometers apart. Moreover, effective radar scans
extend only ~200 km from the radar. Some low-orbit
satellites offer information concerning convective ac-
tivity, but they typically only have twice-per-day cov-
erage. Geostationary satellites offer continuous moni-
toring of clouds and water vapor on visible and infrared
channels, but cirrus clouds often obscure convective
activity.

The next-generation series of the Geostationary Op-
erational Environmental Satellite (GOES-R) are sched-
uled to be equipped with Geostationary Lightning
Mappers (GLM) (Christian 2006) that will monitor
lightning activity continuously over a wide field of view.
Until these instruments are in orbit, tested and cali-
brated, ground-based lightning detection remains the
only method to provide a continuous lightning data
stream. The launch of the first GOES-R series satellite
is scheduled for 2015.

Long-range lightning detection networks utilize the
waveguide between the earth’s surface and the iono-
sphere. The waveguide allows very low frequency
(VLF) electromagnetic waves generated by lightning strike
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channels to travel thousands of kilometers. The Pacific
Lightning Detection Network/Long-Range Lightning
Detection Network (PacNet/LLDN) is a network of
widely spaced lightning detectors installed on the is-
lands of the North Pacific (Fig. 1) to monitor thunder-
storm activity over the North Pacific Ocean (Pessi et al.
2009). PacNet/LLDN (hereinafter just PacNet) is one of
the few observing systems, outside of geostationary sat-
ellites, that provides continuous real-time data through-
out a synoptic-scale coverage area over the open ocean.
In Hawaii and the surrounding Pacific region, PacNet
helps to fulfill a requirement for long-distance, real-time
storm tracking.

A promising and important application of PacNet is
to derive estimates of the rainfall rate and latent heating
and hydrometeor profiles from lightning data over the
Pacific Ocean that can be assimilated into numerical
weather prediction (NWP) models. In areas of an NWP
model domain for which the moisture content is under-
estimated, lightning data can contribute to forecast ac-
curacy by adjusting the moisture fields and vertical
profiles of latent heat release into the initial conditions
and early forecast hours of the model in areas where
lightning is observed (Alexander et al. 1999; Chang
et al. 2001).

Numerous papers have documented the characteris-
tics of oceanic storms and investigated the impact of
various environmental conditions on storm develop-
ment and electrification. Observational studies have
documented convective storms over the oceans that
contain little or no lightning, but have rainfall rates
similar to active thunderstorms over land (e.g., Wang
1963; Zipser 1970, 1994; Takahashi 1978, 1990; Cram
and Tatum 1979). Recently, satellite-based lightning
and rainfall measurements have confirmed these ob-
servations (e.g., Nesbitt et al. 2000; Toracinta et al. 2002;
Cecil et al. 2005; Futyan and DelGenio 2007a). This
discrepancy can be explained in part by the efficiency of
the warm rain process in the maritime environment
(Pruppacher and Klett 1978). However, oceanic cumu-
lonimbus clouds that reach the cold tropical tropopause
can still show little or no lightning. Zipser and Lutz
(1994) suggested that the updraft speed of the cloud
must exceed a threshold value of 6-7 m s~ to maintain
a robust electrification process in the mixed-phase re-
gion. Observational studies have confirmed the relative
weakness of the oceanic updrafts (LeMone and Zipser
1980; Zipser and LeMone 1980; Jorgensen and LeMone
1989; Lucas et al. 1994; Petersen et al. 1999). Rutledge
et al. (1992) investigated the lightning rates and con-
vective available potential energy (CAPE) during the
monsoon season near Darwin, Australia, located on the
northern coast. They showed that during low-CAPE

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

VOLUME 48
140°E 160° 180° 160° 140° 120°W
R
&~
d 4
LA
" Unalaska \
Lihue o \N
“Kona

S

FIG. 1. Four sensors have been installed at Unalaska, Lihue,
Kona, and Kwajalein. The LLDN sensors installed in North
America contribute specifically over the eastern Pacific. Dotted
rectangle shows the area of analysis in this study (adapted from
Pessi et al. 2009).

periods (~500 J kg 1), lightning was absent or the rates
were very low. Lightning rates increased during periods
of large CAPE (>1500 J kg '). However, CAPE values
over the tropical oceans are not insignificant. Zipser and
LeMone (1980) documented an average value of 1500
J kg ! during the Global Atmospheric Research Program
(GARP) Atlantic Tropical Experiment (GATE), where
observed maximum vertical velocities in the top 10% of
the storms were only ~5m s~ ..

Although CAPE may be substantial over the oceans,
its vertical distribution can be significantly different
between land and ocean. CAPE is often evenly dis-
tributed over a deep layer over the oceans, whereas it is
concentrated within a shallow layer over land (e.g., Ebert
and Holland 1992). McCaul and Weisman (2001) found
in their numerical simulation that the stratification of
the buoyancy had a great effect on the vertical velocity.
When CAPE was concentrated in the low levels, the
parcel vertical velocity was greatly enhanced. Thus,
CAPE is an overly simplified measure of convective
potential (Blanchard 1998).

Although the lightning climatology shows a reduced
number of flashes over the ocean when compared with
rates over adjacent continents, The Lightning Imaging
Sensor (LIS) and Optical Transient Detector have ob-
served a winter maximum over the North Pacific (e.g.,
Christian et al. 2003). PacNet data have also docu-
mented significant electrical activity over the North
Pacific in a number of passing midlatitude cyclones
(Pessi et al. 2009). Williams et al. (2000) and Boccippio
et al. (2000) used Tropical Rainfall Measuring Mission
(TRMM) LIS data to demonstrate that the majority of
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the differences between land and ocean lightning rates
can be accounted for by differences in storm density and
frequency of occurrence, rather than differences in
storm instantaneous lightning rates. This would suggest
that the conditions for cloud electrification are less
frequently met over the oceans than over the land, but
once the conditions are met, the electrification mecha-
nism is similar in maritime and continental storms,
which has positive implications for data assimilation and
NWP. Petersen et al. (2005) presented a similar argu-
ment that the environment can influence the degree to
which the physical requirements for charge separation
are met, but once the requirements are met, the basic
physical process of charge separation is the same re-
gardless of the regime (land, ocean, or coast). Therefore,
they hypothesized that the relationship between ice mass
and lightning density should be nearly regime invariant,
which was verified in the consistent correlation found
globally between precipitation ice water path (IWP) and
lightning flash density. Sherwood et al. (2006) show that
the global climatological maximum in lightning rates is
linked to the small effective diameter of ice crystals near
cumulonimbus cloud tops. This relationship was consis-
tent both in continental and maritime environments.

The relationship between lightning and convective
rainfall has been shown to vary up to three orders of
magnitude, depending on airmass characteristics and
cloud microphysics (e.g., Petersen and Rutledge 1998).
However, several studies suggest that over a particular
climatic regime and a limited geographic region, light-
ning is well correlated to convective rainfall (Cheéze and
Sauvageot 1997; Petersen and Rutledge 1998; Tapia
et al. 1998; Soriano et al. 2001). Del Genio and Kovari
(2002) used TRMM’s Microwave Imager (TMI) and
LIS data and categorized data into oceanic lightning
and nonlightning, and land lightning and nonlightning
storms. They found that the surface rainfall was much
greater in the oceanic lightning than nonlightning storms,
and the precipitation IWP varied ~30% between these
two categories.

In this study, we used PacNet lightning rates corrected
for network detection efficiency (DE) and TRMM sat-
ellite data matched in space and time to study the re-
lationships between oceanic lightning, precipitation,
and hydrometeor characteristics.

2. Data and methods
a. PacNet and data

The domain of this study is centered over Hawaii
(0°—40°N, 140°W-180°) (Fig. 1). Currently PacNet consists
of four long-range VLF sensors installed on the island of
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Kauai and the Big Island (Hawaii), Unalaska (Alaska),
and Kwajalein (Marshall Islands). Further expansion of
the network to the western Pacific is in progress. Data
from LLDN are included in the data processing. LLDN
sensors are conventional broadband LF/VLF sensors
installed in the United States and Canada [North Amer-
ican Lightning Detection Network (NALDN)], but
make a valuable contribution to the network, especially
over the eastern Pacific. A detailed description of PacNet
is given in Pessi et al. (2009).

The fourth PacNet sensor was installed in Kona,
Hawaii, in February 2004. Therefore, 3 yr of data (Feb-
ruary 2004-February 2007) were used in this study. All
the TRMM orbits, when LIS detected any lightning over
the central Pacific, were included in the analysis (over
2000 overpasses).

The detection efficiency of the PacNet varies both
spatially and temporally, because of the geometry of the
sensor sites and the diurnal variation of the reflectivity
of the ionosphere. A DE model (Pessi et al. 2009) was
applied to the lightning data stream to take this varia-
bility into account and adjust the lightning rates (Fig. 2).
The finite location accuracy of PacNet (Pessi et al. 2009)
was taken into account by smoothing the lightning
density field so that the lightning density in each grid
cell accounted for 70%, and the eight grid cells sur-
rounding the cell accounted for the remaining 30% of
the total lightning density in each cell.

The PacNet lightning data used in this study were
quality controlled as follows: (i) Only the days when at
least three PacNet sensors (Lihue, Kona, Unalaska +
LLDN) were up were included in the analysis. (ii) Du-
plicated flash locations were removed from the data-
base. A single lightning strike is often detected as two or
more PacNet events. Multiple sky-wave locations are
possible, because more than one ““collection” of sensors
can experience a group-consistent propagation path
delay. In contrast, there is only one (or zero) ground-
wave location. Error statistics were used to select be-
tween multiple PacNet locations. The error-ellipse
semimajor axis (SMA) and angle and time deviations
(x) are associated with each flash and represent the
quality of the location. If there were multiple locations
within 1 pus, the flash with the smallest value of
SMA/,/x,(x = 1) was chosen to represent the flash lo-
cation. (iii) Only the area, where the projected location
accuracy of PacNet was better than ~15 km, was in-
cluded in the analysis (Pessi et al. 2009). Data were also
excluded in the areas where the modeled DE was <3%
(in the immediate vicinity of the Hawaiian sensors
where DE approaches zero because of the network
geometry, and in remote corners of the domain; Fig. 2).
PacNet data quality control results in a small reduction



JOURNAL OF APPLIED

'S

=

120°W

0.

Nigh

180° 150°

FIG. 2. Detection efficiency (%) of PacNet during (a) day and (b)
night (adapted from Pessi et al. 2009).

in the dataset over the 3-yr period. Data from storms
missing from the PacNet dataset may be present in the
LIS database, resulting in a slightly different set of
storms included in the two databases. Given the clima-
tological nature of the study, this difference in the da-
tabases is justifiable, as will be discussed in section 3.

b. TRMM data

Since the orbital inclination of the TRMM satellite is
35°, TRMM data are available within the latitude band
from approximately 38°N to 38°S, depending on the
swath width of the instrument (e.g., Kummerow et al.
1998). Precipitation radar (PR) 2A25 (version 6) prod-
ucts are used in this study, including estimated surface
rainfall, precipitation water path, and vertical profiles
of radar reflectivity (Iguchi et al. 2000). PR measures
the reflectivity at 80 range bins from surface to 20-km
altitude with 250-m vertical resolution. The horizontal
sampling resolution is 4.3 km.

The 2A25 PR pixels identified as “‘convective” (as in
2A23 Rain Type Flag) were used in this study. The only
exception to this is the result presented in section 3d,
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where estimated surface rainfall rates from pixels iden-
tified as “stratiform” are shown and compared to con-
vective rain rates. The rainfall rates used in this study
are the 2A25 estimated surface rain rates. These are
calculated by assuming a constant slope of dBZ, from
the bottom of the clutter-free rain echo.

In addition, 2A12 version 6 products are used, in-
cluding vertical profiles of latent heating and precipi-
table ice in 14 layers with 5-km horizontal resolution.
Below 4 km, the vertical resolution is 0.5 km and the
resolution decreases upward to 4 km in the highest
layer, 14-18 km above the surface.

The TMI measures the intensity of radiation at five
separate frequencies: 10.7, 19.4, 21.3, 37.0, and 85.5
GHz. The 2A12 algorithm searches a large database of
cloud resolving model (CRM) simulations to find cloud
profiles that are radiatively consistent with TMI radi-
ance measurements. The retrieved profile is a composite
of those consistent profiles (Kummerow et al. 2001).
Some 2A12 products, such as cloud ice data, should be
interpreted cautiously, since small ice particles do not
have microwave signatures, and the vertical cloud ice
profiles are solely products of the cloud resolving
models. In version 6 of 2A12, a significant improvement
of the Bayesian estimation method was implemented.
The revised algorithm is supported by an expanded and
physically more consistent database of cloud model
simulations. The CRM simulation database now in-
cludes both Goddard Cumulus Ensemble (GCE) and
the fifth-generation Pennsylvania State University—
National Center for Atmospheric Research Mesoscale
Model (MMS5) simulations of a tropical cyclone, tropical
squall lines over the Pacific and Atlantic, tropical con-
vection over the Pacific, and two extratropical cyclones
in the North Atlantic. One of the simulated Atlantic
extratropical cyclones occurred in the summer and one
in the winter. Both warm and cold frontal regions of the
cyclones were simulated. In addition, several other
modifications were included to allow better estimates of
the storm properties, with a specific goal to obtain im-
proved estimates of the latent heating profiles over the
ocean surfaces. The algorithm is described in detail in
Olson et al. (2006) and Yang et al. (2006). This was the
first attempt to include latent heating estimations within
the framework of 2A12. An improved algorithm, which
utilizes the same Bayesian framework as 2A12, but with
a training database derived from PR observations, is
described in Grecu and Olson (2006).

TRMM also carries LIS, which contains an optical
staring imager that detects brightness changes in the
clouds as they are illuminated by lightning discharges
(Christian et al. 1992). LIS can detect cloud-to-ground
(CG), cloud-to-cloud, and intracloud (IC) lightning. LIS
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views a 600 km X 600 km area with a spatial resolution
of 4 km at nadir and 7 km at limb. One downside of LIS
is that it observes every point within its field of view for
only ~90 s, which makes weak oceanic storms with
lightning rates less than ~1 flash per minute undetect-
able by LIS (Boccippio et al. 2000). Lightning rates are
corrected for diurnally varying LIS detection efficiency
using the DE values of 73% (93%) for day (night) es-
timated by Boccippio et al. (2002).

c. Methods

TRMM-derived products were averaged over 0.5°
latitude X 0.5° longitude grid cells. Lightning strikes
from PacNet that occurred within £15 min of the sat-
ellite overpass time over the same grid cells were coun-
ted. Both LIS and PacNet lightning counts were nor-
malized as flashes per 10* kilometers squared per hour.
The size of a 0.5° grid cell is a function of latitude and
was taken into account in the normalization. LIS ob-
servation time of 90 s was used for normalization.

The observations show a logarithmic decrease in ob-
servation count with increasing lightning rate (Fig. 3).
The logarithmic shape of the cumulative probability
distribution function (PDF) suggests dividing the light-
ning data into bins using a logarithmic division [e.g.,
values between 2" and 2"*! flashes X (10* km? h)~!
formed a bin (n = integer)]. Using this method, the bins
plotted on a logarithmic axis are nearly equidistant.
Because of the low number of samples in the highest
bin, the two highest bins were combined for both winter
and summer data.

Lightning flashes detected by PacNet are mostly
cloud to ground, whereas LIS detects both cloud-to-
ground and intracloud flashes. LIS flash rates are not
corrected for the IC:CG ratio in this study, as the ratio
varies with storm type and stage, environmental condi-
tions, and domain (Pierce 1970; Prentice and Mackerras
1977; Mackerras et al. 1998; Boccippio et al. 2001; Pessi
et al. 2009). The impact of this on the results is discussed
in section 3a.

3. Results

Three years of active lightning days were analyzed
over the central North Pacific Ocean during 2004-07.
Most of the summer storms were associated with upper-
tropospheric disturbances during July-August (e.g., Fig. 4),
when a tropical upper tropospheric trough (TUTT) is
most pronounced over the central Pacific (Sadler 1975;
Kelley and Mock 1982). Typically during these storms,
an upper-level low pressure center (TUTT cell) with a
well-defined circulation and cold temperatures aloft
was evident in the upper-level charts (Fig. 4b). Surface
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FIG. 3. Cumulative PDF for PacNet lightning rate [flashes X
(10*km? h) '] and PR convective rainfall rate (mm h ™! X 10). The
x axis is suppressed with ~99% of the highest rates shown.

maps showed little sign of a surface trough during the
weakest storms, but a surface trough was associated
with the stronger storms (Fig. 4c).

During the winter, most of the lightning activity was
associated with extratropical storms and kona lows
(Morrison and Businger 2001; Otkin and Martin 2004;
Caruso and Businger 2006), and in particular with con-
vection along cold fronts or well-defined troughs at the
surface and aloft (Fig. 5). Although most of the storm
centers stay north of Hawaii, the cold fronts and asso-
ciated cold upper-level troughs often reach the islands
and cause the majority of the annual lightning and se-
vere weather events locally in Hawaii (e.g., Businger
et al. 1998).

The 2A12 version 6 database, discussed in section 2b,
includes both extratropical winter frontal systems and
summer convective systems. Therefore, it is expected
that 2A12 adequately represents both the winter and
summer storms. However, since 2A12 is still under de-
velopment (specifically the latent heating algorithm),
the results from 2A12 should be interpreted as prelim-
inary.

a. Maximum radar reflectivity and altitude of the
echo top

Maximum radar reflectivity, corrected for attenua-
tion, is a 2A25 product given for each radar beam, with
the maximum often observed at the lowest levels. Max-
imum reflectivity (Z,.x) increases with lightning rate
from 33 to 41 dBZ in the winter and from 32 to 40 dBZ
in summer (Fig. 6a). Increasing radar reflectivity with
increasing lightning rate is expected, because the cloud
electrification increases with ice mass (e.g., Takahashi
1984; Petersen et al. 2005). The reflectivity is slightly
higher in the winter than in the summer. This observa-
tion will be discussed later in this section together with
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precipitation and ice mass. The variance decreases with
increasing lightning rate, which can be attributed to the
logarithmic nature of the radar reflectivity, where a cer-
tain variability of hydrometeor mass shows as large
(small) variance in the reflectivity at the low (high) end of
the scale. This relationship will be confirmed in section 3d
with the discussion of rainfall rates.

The echo-top altitude increases with lightning rate
from approximately 6.7 to 12.8 km in the winter and
from 7.0 to 13.5 km during the summer (Fig. 6b). The
increasing echo-top altitude with lightning rate is
likely connected to the vigor of the updrafts, with more
precipitation-size particles transported higher in the tro-
posphere with stronger updrafts. Futyan and DelGenio
(2007b) investigated the height of the convective storms
over the African—Atlantic region and also found a
strong correlation between the PR echo-top altitude
and LIS flash rates. Other studies have also found a
correlation between the cloud-top height and lightning
rate (Williams 1985; Price and Rind 1993). Further-
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FIG. 4. (a) GOES-10 infrared image at 1130 UTC 30 Aug 2005
overlaid with 1 h of PacNet lightning observations. (b) NCEP
reanalysis at 1200 UTC 30 Aug 2005 at 250 hPa shows a low
northwest of Hawaii. (c) National Weather Service subjective
surface analysis of the central Pacific at 1200 UTC 30 Aug 2005
showing a surface trough northwest of Hawaii. Streamlines are
plotted in gray south of 30°N.

more, Price and Rind (1993) showed that the IC:CG
ratio increases as the cloud thickness increases. It
should be noted that the echo top detected by TRMM’s
PR is not equivalent to cloud-top height, because PR
does not detect the smallest cloud droplets at its 13.8-
GHz frequency. The sensitivity threshold for PR is ~17
dBZ.

In Fig. 6b, variance decreases with increasing lightning
rate, similarly to Fig. 6a. However, as opposed to Fig. 6a,
this feature is real and not an artifact of the scale. This
occurs presumably because the strongest storms grow
upward until they reach the tropopause, which reduces
the variance at the high end of the altitude scale. The
echo tops are found at slightly higher altitude during the
summer than in the winter, because both the freezing
level and the tropopause are at a higher level during the
summer. Coefficients of determination (R?) in both Figs.
6a and 6b are between 0.95 and 0.98.

Lightning rates are generally higher in LIS than in the
PacNet dataset (Fig. 6). This is partly because of LIS’s
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intracloud observations and partly because of LIS’s view
time and limited ability to observe weak oceanic storms.
The impact of applying an IC:CG correction to LIS data
would be to shift the LIS data points to the left in Fig. 6
(and other figures with lightning rate as an abscissa)
according to the IC:CG ratio. However, if the results
derived from LIS observations in this study are applied
in the future LIS observations, no IC:CG correction is
needed, as the same bias exists in both datasets. A
similar argument applies for PacNet data.

The detection threshold for LIS is ~1 flash per minute
(Boccippio et al. 2000). If LIS detects one flash during
an overpass over a 0.5° grid cell, the area-normalized
minimum flash rate is ~150 flashes X (10* km? h) ! (at
20°N, using nighttime DE of 0.93, and 90-s view time).
This value is at the high end of PacNet observations
(Fig. 6). In addition, some very active thunderstorms
occurred near the date line, which were included in the
LIS analysis but were filtered from PacNet analysis
because of PacNet’s limited location accuracy over that
area (section 2a). The highest non—quality controlled

120°W

FIG. 5. As in Fig. 4, but for 0600 UTC 12 Dec 2005. Satellite
image in (a) is valid at 0630 UTC.

PacNet lightning rates over this area were ~3700 and
940 flashes X (10* km? h) ! for winter and summer, re-
spectively. These values are closer to the middle and high
end of the LIS flash rates.

In comparing to previous studies, care must be taken
with the units. The average lightning rates in the highest
bins were 12 138 and 7729 flashes [X (10* km* h) '] for
winter and summer in this study, respectively. Two
previous studies used a similar 0.5° grid to investigate
oceanic lightning and have found lightning rates of
similar magnitude to those reported here. Petersen et al.
(2005) divided their warm-season lightning observations
into maritime, coastal, and continental categories. The
highest maritime lightning bin was ~5 flashes per kilo-
meters squared per day, which converts to ~2083 flashes
X (10* km? h)~'. Futyan and DelGenio (2007b) inves-
tigated storm heights over convective cloud clusters in
the Atlantic—African region. The highest lightning rates
over the oceanic systems were ~1 flash per 300 kilo-
meter squared per minute, which equals 2000 flashes X
(10 km? h) ~'. The lower lightning rates found in Futyan
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FIG. 6. (a) Maximum PR reflectivity and (b) maximum height of
radar echo. Squares and solid lines are for winter data and dia-
monds and dashed lines for summer data. Filled symbols are
PacNet data, open symbols are LIS data, and gray symbols are
combined PacNet and LIS data. Abscissa shows the number of
lightning flashes per hour normalized over 10* kilometers squared.
The error bars are *1o.

and DelGenio than in this study may be due to a smaller
sample size and lack of high lightning rate storms. The
highest individual pixel value in Petersen et al. corre-
sponded to ~25 000 flashes X (10* km? h)~!, whereas
the highest lightning rates in this study were 25 274 and
23 694 flashes X (10* km? h) ! for summer and winter,
respectively.

b. Vertical profiles of radar reflectivity, latent heat,
and ice

Vertical profiles of radar reflectivity have been found
to be an important indicator of cloud electrification and
lightning activity (e.g., Zipser and Lutz 1994; Petersen
et al. 1996; Toracinta et al. 1996, 2002; Nesbitt et al.
2000). Several studies have shown that the main thun-
derstorm charging mechanism is the ice—ice collision
process, where the riming graupel particles collide with
smaller ice particles in the presence of supercooled
water (e.g., Saunders 1993). This process occurs in the
mixed-phase region, from 0° to —20°C, and is the most
efficient from —10° to —20°C. Radar reflectivity can be
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used to estimate the amount of mass present in the mixed-
phase region, which is an important indicator of the ro-
bustness of the charging process. The suggested vertical
velocity threshold of 6-7 m s~ ! (Zipser and Lutz 1994)
can support raindrops in the 1.2-1.5-mm range at —10°C
(e.g., Foote and Du Toit 1969) and therefore provide an
adequate hydrometeor source for electrification.

Radar reflectivity shown in Fig. 7 is a separate 2A25
product from maximum attenuation-corrected radar
reflectivity in Fig. 6a. Therefore, the lowest-level re-
flectivity (Z) in Fig. 7 should not be confused with Z,,,
values shown in Fig. 6a. However, the maximum re-
flectivity tends to occur at the lowest levels, making the
difference relatively small. Figure 7 shows that radar
reflectivity increases with lightning rate throughout the
troposphere. Table 1 summarizes the values found for
several altitude (or temperature) and reflectivity thresh-
olds. The average freezing levels given in 2A25 data for
winter and summer storms are 3.7 and 4.0 km, respec-
tively. Applying an average —6.5°C km ™! temperature
lapse rate, the levels of —10° and —20°C are ~1.5 and
~3 km above the freezing level, respectively.

Earlier studies have shown that the decrease in radar
reflectivity with height in the mixed-phase region is
much greater for oceanic than for continental thunder-
storms. Estimates of the lapse rate for the oceanic re-
gime vary between 6.0 and 6.5 dBZ km ™' (Jorgensen
and LeMone 1989; Szoke et al. 1986; Zipser and Lutz
1994). In sharp contrast, continental storms show much
lower lapse rates, between 1.3 and 2.0 dBZ km ™!
(Donaldson 1961; Zipser and Lutz 1994). In this study,
the lapse rate varied between 5.3 and 3.0 dBZ km ~* for
low lightning rate winter storms and for high lightning
rate storms, respectively.

The 0-dBZ thresholds are found at slightly higher
altitude in the summer than in the winter, probably
because of the higher tropopause height. In the highest
category, there is a noticeable bump in the summer data
between approximately 6- and 10-km altitude. A similar
feature is observed in the latent heating profile, which
shows a secondary peak between 7- and 11-km height
(Fig. 8b). This corresponds approximately to tempera-
tures between —20° and —45°C in the troposphere.
The peak may be partly attributed to the latent heat of
fusion by homogeneous freezing of supercooled water
droplets. The temperature threshold for homogeneous
freezing is ~—36°C (e.g., DeMott and Rogers 1990;
Phillips et al. 2007). A typical —36°C level in the area
(based on soundings from Lihue, Hawaii) varies be-
tween 9200 and 10 200 m in June-September. Below this
level, the secondary peak in latent heating may be as-
sociated with heterogeneous ice nucleation and riming
of existing ice particles.
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FIG. 7. Vertical profiles of PR reflectivity in (a) winter and (b)
summer for three different lightning rate categories (low, moder-
ate, and high lightning rate). Low lightning rate category is the
lowest bin from PacNet data, moderate category is the highest
PacNet data bin, and high category is the highest LIS bin, as de-
scribed in section 2c. The average lightning rates in the low,
moderate, and high categories are ~1, 383, and 12 138 flashes
[ (10* km® h) '] in the winter. The corresponding values for the
summer are ~1, 214, and 7729 flashes. Lowest levels are not shown
since the near-surface range bins were frequently filled with sur-
face clutter or had missing data. Despite a sensitivity threshold for
PR echoes of ~17 dBZ, values start from zero because of the
compositing method.

Vertical latent heating profiles are 2A12 products that
combine both convective and stratiform profiles. The low
lightning rate curves show a double-peak shape (Fig. 8).
This may be due to the shape of the stratiform profile,
often characterized by evaporative cooling at 2-3-km
altitude (as illustrated in Olson et al. 2006). This feature
disappears in the high lightning rate storms, where the
convective-shaped curve presumably dominates over
stratiform, as shown in Fig. 8. Both winter and summer
data show strong evaporative cooling near the surface.
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Maximum latent heating rates were obtained by
taking the highest latent heating values occurring at any
TMI level (Fig. 8c). The level of maximum latent
heating is usually at 2-3-km altitude and does not
change significantly with lightning rate, although a little lift
is observed during the summer (Figs. 8a,b). The maxi-
mum latent heating increases with lightning rate, con-
sistent with Figs. 8a and 8b. Although the R? values are
high (0.94), variance is very large. Again, this may be
because of the uncertainties in the latent heating algo-
rithm, or because of complex storm dynamics.

Although the maximum latent heating at the 2-3-km
level consistently increases with increasing lightning
rate, winter data show an odd feature. The latent heating
rate in the highest category decreases rapidly with alti-
tude above 2 km and reaches the same value at ~4 km
as the lowest category (Fig. 8a). Sensitivity tests per-
formed using different samples of high lightning rate
data did not change the result; the highest lightning rate
storms have less latent heating above ~3 km than
moderate lightning rate storms. A similar feature is
observed in the precipitable ice profiles, where the
profile for the highest lightning category in winter has a
greater peak ice content than the moderate category (at
~4 km), but has a lower content above 5 km (Fig. 9a).

The most lightning-active winter storms occurred in
the cold front or in the cold air mass behind the front,
where the freezing levels are low. This in turn may result
in a system with large quantities of ice at low levels
decreasing rapidly upward. Subsequently, the negative
charge center develops at relative low altitude, resulting
in a large number of negative CG flashes.

Although the highest lightning category in the winter
shows little ice above ~5 km, the reflectivity in Fig. 7a
does not show any unusual decrease in this altitude
range. This suggests that there are other hydrometeors
than ice accounting for the reflectivity. Other possible
reasons for this may be an insufficient 2A12 database or
uncertainties in the latent heating and ice algorithms.
This will be discussed in the next subsection together
with precipitation and ice water paths.

However, the altitude of the peak ice content during
the winter seems to decrease with increasing lightning
categories (from ~5 to ~3.5 km), although this difference

TABLE 1. Summary of heights and reflectivities at various dBZ and altitude thresholds.

0°C —10°C -20°C Avg lapse rate
Winter (summer) 20dBZ 30 dBZ [3.7(4.0) km]  [52(5.5)km] [6.7(7.0) km] of Z (0°C...—20°C)
Low lightning rate 38 (3. 7)km 22 (N/A) km 21 (19) dBZ 11 (11) dBZ 5(6) dBZ 53 (4.3) dBZ km !
Moderate lightning rate 6.4 (6.5) km 4.2 (3.6) km 31 (28) dBZ 25 (24) dBZ 18 (18) dBZ 43 (3.3)dBZ km ™!
High lightning rate 84(92)km 5.3 (5.5) km 35(36) dBZ 30 (30) dBZ 26 (27) dBZ 3.0 (3.0) dBZ km !
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is ~1 TMI level (Fig. 9a). In the summer, the level of the
peak ice content is nearly the same for each lightning
category (Fig. 9b). Given the limited 2A12 winter data-
base and uncertainties in the algorithm, these subtle dif-
ferences in altitude should be interpreted with caution.
Despite some odd features in the profiles, the peak
precipitable ice content generally increases with light-
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ning rate both in winter and summer (Figs. 9a,b). The
level of maximum precipitable ice shifts upward from
winter to summer, whereas the peak content decreases.
The peak precipitable ice content is observed just above
the freezing level for both winter and summer (3.5-5.0
and 4.0-6.0 km, respectively). Some ice is also observed
below the freezing level, which may be solid precipita-
tion particles falling down from upper levels.

The difference in precipitable ice between winter and
summer shows that there is more ice during the winter
at low levels (3—4 km) (Fig. 9¢). This can be explained
by the lower freezing level during the winter. However,
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in the highest lightning category, there is significantly
more ice above ~5 km in the summer. Naturally, this is
partly accounted for by the low ice content above 5 km
in the winter data. The reason for this may be the
stronger updrafts in the mesoscale convective system
type summer systems that can lift large ice particles to
high altitudes, as opposed to forced slantwise lift in
winter frontal systems where the vertical velocity is
modest and the storms are shallower.

Del Genio and Kovari (2002) investigated tropical
oceanic lightning and nonlightning storms and con-
structed profiles of precipitable ice content. They found
a maximum precipitable ice content of 320 mg m ™ in
oceanic storms both with and without lightning. In this
study, the maximum content varied between 100 and
600 mg m > (Fig. 7).

The highest lightning categories in the winter and
summer showed different lightning rates. This partition
was chosen because we wanted to compare the strongest
systems during both seasons. However, additional tests
were performed where the winter lightning rates were
similar to those in the highest summer category. This did
not change the results qualitatively: when winter and
summer storms with similar lightning rates were com-
pared, significantly more precipitable ice was found
above 5 km in the summer storms.

c¢. Precipitation water path and ice water path

Precipitation water path (PWP) from PR data is the
vertically integrated precipitation water content calcu-
lated from Z, at each range bin, from rain top to the
surface. Both liquid and solid phase regions are included
in the calculation. PWP increases with lightning rate
with very little difference between summer and winter
(Fig. 10a).

Ice water path is calculated from 2A12 vertical pre-
cipitable ice profiles as observed by TMI; IWP increases
with lightning rate with slightly higher values during the
winter in the low and moderate lightning rates (Fig. 10b).

As discussed in the introduction, the existence of ice
and supercooled water in the mixed-phase region is
essential for cloud electrification. Increasing reflectivity
(Figs. 6a, 7) and precipitable ice (Figs. 9a,b) are con-
sistent with increasing precipitation mass with lightning
rates (Fig. 10).

Although the R? values are a little higher in IWP than
in PWP data, the variance is significantly lower in PWP
data. This may be partly due to the robustness of the PR
observations and 2A25 in comparison with TMI obser-
vations and 2A12 algorithm.

As discussed earlier, the strongest storms in the win-
ter showed very little ice above 5 km, whereas the
reflectivity did not show any unusual decrease. Figure 11a
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FIG. 10. (a) Precipitation water path derived from PR and (b) ice
water path derived from TMI. Lines and symbols as in Fig. 6.

shows that the precipitation water increases steadily
with lightning rate, whereas the ice water remains rel-
atively steady between 2000 and 2200 g m ™2 in the four
highest lightning categories. In contrast, both PWP and
IWP increase in the summer (Fig. 11b). This suggests
that the strongest winter storms may have large quan-
tities of supercooled liquid water at high altitudes.

d. Lightning versus rainfall

The lightning rates from both PacNet and LIS were
compared to estimated surface rain from 2A25 con-
vective pixels, as described in section 2. Although a di-
rect comparison of reflectivity (Fig. 6a) to rainfall rates
(Fig. 12a) seems appealing, it should be noted that the
Z-R relationship used by 2A25 may vary with each scan.
Parameters a and b in the relationship R = aZ’ used
by 2A25 are both functions of the rain type, the heights
of the 0°C isotherm, and storm top. Furthermore, the
presence or absence of a bright band, the phase state,
the temperature, and the difference in terminal velocity
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from changes in the air density have an effect on pa-
rameters a and b (Iguchi et al. 2000).

Convective rainfall rate increases with lightning rate
during both summer and winter (Fig. 12a). This result is
not surprising, given that radar reflectivity increases
with lightning rate. This in turn can be attributed to
increased upward mass flux, which subsequently results
in heavier convective precipitation. While the values of
R? of the fitted curves were high (0.92 and 0.96 for
winter and summer, respectively), the variance in each
bin was relatively large. The standard deviation varied
between 3.3 and 5.2 mm h~'. The large variance is
possibly a result of a variable portion of warm rain of
the total convective rain in these maritime clouds.
Winter rainfall rates were consistently 1-2 mm h™'
higher than in the summer.

In contrast, the stratiform rainfall was poorly corre-
lated with lightning rate (Fig. 12b). Stratiform rain rates
remained nearly constant at ~2 mm h™! despite light-
ning rate or season. Although it could be argued that the
amount of precipitable particles ejected from convec-
tive towers should increase with lightning rate and thus
increase the stratiform rain rate, the results show that

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

VOLUME 48
20
-(a)
e ) T T
e | Winter, R“=0.92 - RS ! T[]
\%12* T i i i } L
c | T - [T [+ |
s k| i .’-_,-/"/E;[-—* <
— | | .
e Lhr b LT “—ﬂ?‘; |
ol mmwmiE L
i ee s AN N
S AT T
O it T
N I T Pho Lo L
M | Summer, R?= 0.96
4 }7 € i ’ = V.
" (b) Winter, R®= 0.14
u + Summer, R>=0.16
4l 1 1 il
T T
|
= I e (L T
L o I T
.s:iir;i;:i:i::d
S — [ | 1 ‘ ! .' | | | i
u ‘ st 0
£ [ l—‘—T—f'l—T“ o R
62:.#\_}_‘_'0_‘—-0—0-""}_‘7- T-T ]TD
s [f*® e 0 |
O L L L A I
-— | | |
I T
I } i - o i - \
L oL i - L 1 L
P T R R B R
1 10 100 1000 10000

Lightning rate (strikes per hour)

FIG. 12. (a) Convective rainfall vs lightning rate and (b) stratiform
rainfall vs lightning rate. Symbols and lines as in Fig. 6.

the anvil region seems to be relatively uniform despite
the storm strength. This suggests that the majority of the
particles carried up by the convective updrafts come
down as convective rainfall.

4. Summary, conclusions, and discussion

The objective of this study is to investigate the cor-
relation between lightning rates and various storm
characteristics that are physically connected to lightning
production via storm dynamics. These storm properties
can then be estimated from lightning rates and assimi-
lated into numerical models in data-sparse regions, such
as the open oceans.

Long-range lightning data from the Pacific Lightning
Detection Network and Lightning Imaging Sensor were
compared with TRMM 2A25 precipitation radar and
2A12 hydrometeor products. The PacNet lightning
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rates were quantified by applying a detection efficiency
model correction to account for spatial and temporal
differences in lightning detection efficiency over the
domain.

Three years of lightning-active days during summer
and winter were analyzed over the central North Pacific
Ocean. The winter storms were mostly extratropical
cyclones, with most of the electrical activity associated
with cold fronts. The summer cases were mostly con-
vective storms triggered by cold upper-tropospheric
disturbances associated with the TUTT. Vertical pro-
files of radar reflectivity, latent heating, and precipitable
ice were constructed.

a. Conclusions

The results of the data analysis show a consistent in-
crease in radar reflectivity throughout the troposphere with
lightning rate. Specifically, the reflectivity in the mixed-
phase region increased significantly with lightning rate and
the lapse rate of Z decreased; both are well-known indi-
cators of the robustness of the cloud electrification pro-
cess. In addition, the height of the echo tops showed a
strong logarithmic correlation with lightning rate.

Convective rainfall rate showed a consistent loga-
rithmic increase with increasing lightning rates. A sim-
ilar slope in the lightning—convective rainfall relationship
for both summer and winter cases indicates that over
the central North Pacific, the average lightning-rainfall
relationship is relatively independent of the season and
storm type. Stratiform rain rate, however, was poorly
correlated with lightning and remained nearly constant
despite changes in the lightning rate.

Moreover, other storm characteristics such as pre-
cipitable ice, ice water path, and precipitation water
path show a similar type of increase. The probability
distribution function for PacNet lightning rate (Fig. 3)
shows an exponential decrease in occurrence with in-
creasing lightning rates.

The data analysis revealed an interesting feature in the
strongest winter storms: the highest ice content together
with latent heating appeared to be at low levels, de-
creasing rapidly upward. This may be attributed to the
low altitude of the negative charge center in these cold—
air mass thunderstorms, which results in a high number of
negative cloud-to-ground flashes. Another possible ex-
planation is the inadequate 2A12 winter database.

b. Discussion and future work

The probability distribution function for PacNet
lightning rate (Fig. 3) shows that the majority of the
population is at the low end of the lightning rates.
Previous studies have shown similar cumulative distri-
butions for oceanic lightning (Nesbitt et al. 2000; Petersen
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et al. 2005). The PDF for convective rainfall rate (Fig. 3)
also shows an emphasis on the low end of the rainfall
rates, although the slope of the curve is less steep than
that of the lightning PDF.

Logarithmic and exponential distributions, such as
those found in the analysis presented here, commonly
occur in the atmosphere. The number density of the
cumulus clouds has been observed to decrease nearly
exponentially with increasing cloud size (e.g., Plank
1969). Drop size distribution is exponential (Marshall
and Palmer 1948). Junge et al. (1969) and Bullrich et al.
(1966) studied aerosol distribution in Pacific air masses
and found sharp decay in the number of aerosol with
aerosol radius. The distribution was approximated by a
power law with an exponent between —3 and —4.
Takahashi (1976), in a numerical study, found a loga-
rithmic increase in rain rate when the number of cloud
nuclei was decreased and approached a threshold value
of 150 cm 3. Foster et al. (2003) found an exponential
growth of rain rate with precipitable water in Hawaii.

Physically, the logarithmic relationship between light-
ning and convective rainfall can be interpreted in the
following way: assuming some CAPE and low-level
moisture convergence over a limited area, a cloud starts
to grow and the rainfall production is initiated relatively
“easily.” The number of cloud condensation nuclei
(CCN) has a great impact on the precipitation initiation
and development (e.g., Takahashi 1976; Goke et al.
2007), but assuming relatively uniform aerosol content
over the ocean, the available moisture content deter-
mines the maximum potential rainfall rate. Other en-
vironmental conditions have a weaker impact on the
rainfall rate.

In contrast, the requirements for a robust charge-
separation process are much more complex. Updraft
speed, supercooled liquid water content, and ice content
all need to be sufficient at the right altitude within a
cloud. Other yet to be defined conditions may also play
a role. Although weak cloud electrification is fairly
common, the highest potential lightning rates are ob-
served only on rare occasions when all the conditions for
active lightning are met in a complex convective system.

It is suggested here that there are two fundamental
factors that together determine the observed differ-
ences in lightning rates between the maritime and con-
tinental storms: (i) the number and distribution of CCN
and ice nuclei (IN), and (ii) the vertical distribution of
CAPE. The number of CCN-IN determines whether
the cloud will develop having ‘“warm-cloud” charac-
teristics (maritime) with a small number of large drop-
lets and rapid warm rain initiation or ‘‘cold-cloud”
characteristics (continental) with the rainfall initiation
triggered mainly by Wegener-Bergeron-Findeisen
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process. On the other hand, the vertical distribution of
instability (CAPE) has influence on the strength and
height of the updraft. Together these two factors govern
the ice and supercooled water mass flux in the mixed-
phase region and determine the robustness of charge
separation and cloud electrification. The confirmation
of this hypothesis requires further studies using aerosol
measurements together with lightning observations and
soundings, followed by cloud model simulations that
resolve the key elements.

These environmental circumstances and the results
presented here suggest that the estimation of, for in-
stance, rainfall rates from lightning rates is relatively
insensitive at high lightning rates and more sensitive at
low lightning rates. This is an encouraging result for
lightning data assimilation applications, since the areas
of strong storm activity and high rainfall rates, although
less common, are the most important for NWP modeling.

Several studies have shown that lightning data can be
assimilated into numerical models to help to improve
the model forecasts (Alexander et al. 1999; Chang et al.
2001; Papadopoulos et al. 2005; Pessi et al. 2006). The
lack of in situ data over the Pacific Ocean for initializing
numerical models can lead to large forecast errors for
storms that impact the west coast of North America or
Hawaii. The results of this study suggest that the data
from PacNet can be used as a proxy to estimate con-
vective rainfall, latent heating, and hydrometeor pro-
files from lightning rates over the open ocean.
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