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[1] This study uses TRMM lightning and radar
observations to study the fundamental relationship
between precipitation ice mass and lightning flash density.
The results indicate that the physical assumptions of
precipitation-based charging and mixed phase precipitation
development are robust and that on a global scale, the
relationship between precipitation ice water path and
lightning flash density is relatively invariant between
land, ocean and coastal regimes. Hence lightning data
may be a useful variable for inclusion in combined space
borne algorithms designed to retrieve ice water content.
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1. Introduction

[2] Non-Inductive Charging (NIC) theory and supporting
observations suggest a strong correlation between the
development and amount of precipitation-sized ice mass
in deep atmospheric convection and the ensuing production
of lightning [cf. MacGorman and Rust, 1999]. Large ice
particles develop in cumulonimbi as the result of robust
mixed-phase processes driven by strong convective
updrafts. Indeed, scaling arguments based on continuous
collection theory, NIC processes, differential vertical fluxes
of small and large ice particles, and an assumed direct
proportionality between charge generation rates on ice and
lightning flash rates, predict a linear to slightly non-linear
relationship between lightning flash rate and precipitation
ice water content (IWC [e.g., Petersen and Rutledge, 2001;
Blyth et al., 2001]).
[3] Collectively, the basic physics responsible for NIC

generation of electrical power in cumulonimbus clouds
(vigorous updraft ! mixed phase microphysics ! micro
and macro scale charge separation between graupel/hail and
ice crystals ! lightning) should hold independent of
meteorological regime (here defined as the collective rela-
tionship between background forcing and the convective
response, as observed in precipitation processes, convective
structure and electrical activity). The environment of any
given meteorological regime can influence the degree to

which the physical requirements for a NIC process are met,
but cannot alter the basic physical requirements of the
charging process. Following this logic, we hypothesize that
the relationship between ice water mass and lightning flash
density on global scales is approximately regime invariant.
This hypothesis is reasonable and conceptually straight
forward, but has not been demonstrated in the literature to
our knowledge. In contrast, the relationship between rainfall
and lightning has been widely studied, and is known to be
highly regime dependent [Lopez et al., 1991;Williams et al.,
1992; Petersen and Rutledge, 1998; Soriano et al., 2001].
[4] Herein, we address the hypothesis of regime invari-

ance between lightning and ice water content over the
global tropics using Tropical Rainfall Measurement Mission
(TRMM) Lightning Imaging Sensor (LIS) and Precipitation
Radar (PR) observations. We demonstrate: 1) the funda-
mental correlation between lightning and precipitation ice
water path (IWP); and 2) the relatively invariant nature of
the IWP-lightning relationship between oceanic, coastal,
and continental convective regimes.

2. Methodology

[5] Three years (1998–2000) of LIS [Christian et al.,
1999] and 2A25 algorithm PR data [Iguchi et al., 2000]
were analyzed for warm seasons in the northern (NH; Jun–
Aug) and southern (SH; Dec–Feb) hemispheres. Columns
containing radar reflectivity (Z) pixels (horizontal resolution
4.3 km, 250 m vertical) identified as ‘‘rain-certain’’ were
processed for each orbit to provide IWP (kg m�2) over the
tropics by vertically integrating IWC in each column from
the altitude of �10�C to echo top. The �10�C level was
selected as the lower limit of integration based on NIC
theory and decades of observations which suggest that
growing convective-cores must extend through this temper-
ature level prior to generating the electric charge/fields
required for lightning production [cf.MacGorman and Rust,
1999]. The height of the �10�C level was determined for
each pixel using NCEP Reanalysis data. Note that echo
top for the PR corresponds to a minimum reflectivity of
�17 dBZ and should not be interpreted as cloud-top. The
Z at each PR range gate was converted to IWC using a Z-M
(M = mass) relationship based on an exponential size
distribution with a constant intercept (N0 = 4 � 106 m�4

[Petersen and Rutledge, 2001]). The bulk ice density was
varied between 100 and 800 kg/m3 as a function of
precipitation type (stratiform or convective) and Z [e.g.,
Black, 1990].
[6] Two different methods were used to compare warm-

season statistics of IWP and lightning flash density (FD;
flashes/km2/day). Both methods transformed pixel-level
IWPs, LIS view times and flash counts to 0.5� � 0.5� grids
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(�50 � 50 km, large enough to encompass the horizontal
extent of most lightning channels and larger multi-cell
thunderstorms). The first method used IWPs and FDs
coincidentally observed over the area of individual 0.5�
grid elements during each TRMM overpass. This approach
resulted in a 0.5� grid-point ensemble sample size of �106

temporally and spatially collocated values of FD and IWP
(hereafter referred to as the ‘‘ensemble’’ approach). The
second approach compared time-integrated (TI) or cumula-
tive means for individual 0.5� grid squares by dividing the
sum of the IWP (flash count) values occurring in a given
grid box by the total number of pixels (view time) sampled
in each grid box over a the three year period. The IWP
samples for both approaches were further restricted to PR
pixels identified as ‘‘convective’’ by the 2A25 algorithm
(i.e., pixels most likely associated with lightning produc-
tion). Note that convective contributions to the total precip-
itation IWP (convective + stratiform) overwhelmingly
dominated the PR-diagnosed IWP.
[7] Next, the 0.5� grids were partitioned into land, ocean

and coastal regimes (coastal = ocean extending �500 km
from land); i.e., regimes exhibiting very dissimilar behavior
in FD (Figure 1a). For each regime gridded IWPs were
subsequently binned as a function of FD at intervals of
0.5 fl/km2/day (0.003 fl/km2/day) for the ensemble (TI)
approach. Once binned, scatter plots and cumulative fre-
quency distributions (CDFs) of regime FD and IWP were
generated for all grid boxes containing detectable IWP,
regardless of detected FD amount.

3. Results

[8] A map of LIS flash density is presented in Figure 1a
for NH and SH warm seasons. Note the factor of 10-102

difference in flash density between continents and oceans
and local maxima in lightning flash density situated over
regional topographic features of the tropics (e.g., Hima-
layas, Colombia, Congo River Basin etc.). Overall, the
three-year mean FDs shown in Figure 1a are similar to
those presented by Christian et al. [2003]. Now, to the
extent that the relationship between lightning and precipi-
tation ice mass is regime-invariant we would expect a
similar map of global-tropical IWP to strongly resemble
that of Figure 1a.
[9] Indeed, when tropical warm-season patterns of FD

(Figure 1a) and IWP (Figure 1b) are compared (TI means), a
clear correspondence between the two variables is observed.
For example, the relative decrease in FD over the tropical
oceans is accompanied by a similar drop in IWP, yet local
maxima in IWP and FD over the oceans are also reasonably
well correlated. Over the continents collocated maximums
in IWP and FD exist over features such as the Himalayas,
Columbia, Sierra Madre Occidental, C. Africa, Madagascar,
northern Australia, and the Florida Peninsula. Interestingly,
there are also locations where the correspondence between
IWP and FD appears to deviate from the more general
global behavior. For example, over portions of sub-tropical
South America (30�S) the diagnosed IWPs in several grid
squares suggest that the FD should be higher, deviating
from the more general behavior of the global correspon-
dence between FD and IWP. Aside from possible sampling
bias, there does not seem to be a clear physical reason for

the relative departure in behavior of those few grid loca-
tions; addressing this departure is the subject of current
research. Neglecting the relatively small number of deviat-
ing pixels located over sub tropical South America for the
moment, it is apparent that ice mass and lightning are well
correlated in a ‘‘global’’ sense.
[10] To provide a more quantitative view of the global

FD-IWP correlation, we now filter out local regional vari-
ance by considering three basic climate-scale convective
regimes; oceanic, continental and coastal. We then pose the
questions: How well are IWP and FD correlated, and how
much difference is there in the basic functional form used to
describe the relationship in each regime (e.g., the equation
for a least squares line)? We begin by creating scatter plots
of the IWP and FD grid points for the global tropical region
shown in Figure 1 using the ensemble and TI methods
(Figures 2a–2b). For visual clarity we plot only warm-
season grid values for the NH (identical results are obtained
for the SH). Consistent with Figure 1 and regardless of the
analysis technique, Figures 2a–2b suggest that: 1) IWP and
FD are positively correlated, with R = 0.7–0.78 for the
ensemble comparison (Figure 2a); and R = 0.55, 0.65 and
0.70 for TI-method grid point means in the ocean, coast and
land regimes respectively (Figure 2b); and 2) though noisy,
the relationship between IWP and FD appears to be very

Figure 1. Northern hemisphere and southern hemisphere
1998–2000 warm season (Jun.–Aug.; Dec.–Feb., respec-
tively) time-integrated mean (a) TRMM-LIS lightning
flash density; and (b) TRMM PR-diagnosed convective
ice water path (kg/m2).
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similar regardless of regime type. Note that for both analysis
methods at low FDs (<1.0 Fl/km2/day, Figure 2a; <0.01–
0.02 Fl/km2/day, Figure 2b) and corresponding IWPs of
�0.01–0.02 kg/m2 and 0.001 kg/m2 respectively, the rela-
tionship between the FD and IWP begins to exhibit discrete
bands of noise and elongated scatter in each regime. This
noise is the combined result of the bin interval chosen, the
discrete nature of lightning flash counts, a maximum LIS
view time of �80 seconds, and a lower LIS flash rate
detection threshold of �1 Fl/minute [Boccippio et al.,
2000]. Hereafter we refer to this region of the scatter plots
as the ‘‘noise floor’’. Even with perfect sampling the
presence of a noise floor is expected because tropical
cumulonimbi, especially those occurring over the oceans,
can produce copious anvil ice in the near absence of
vertically developed convective cores which heavily weight
the measured total IWP and FD [e.g., Zipser and Lutz, 1994;
Petersen et al., 1996].
[11] To further isolate the relationship between IWP and

FD (Figures 2a–2b) we now examine mean IWP values
binned as a function of FD for ensemble and TI grid points
(Figures 3a–3b). Here the mean and standard deviation of
IWP samples falling in each FD bin for each regime are

plotted for bins where a sufficient number of IWP samples
existed to yield an estimate of the regime bin-mean IWP to
within ±25% at a confidence level of 95%. This thresholding
resulted in the FD scales being truncated at �20 Fl/km2/day
(0.21 Fl/km2/day) for the ensemble (TI) approach. The
effect of decreasing IWP sample numbers on the bin-means
are evinced in Figures 3a–3b by the increasing width of
the IWP error bars (±1s) with larger FD. Lastly, the sample
CDF of lightning FD for each regime was also computed
(Figures 3a–3b).
[12] The approximately invariant nature of the relation-

ship between IWP and FD is apparent in Figures 3a–3b
regardless of the averaging methodology, with the caveat
that the relationship represents globally averaged data. The
results clearly indicate that regardless of the regime, the
IWP and FD data pairs lie on approximately the same line.
The slopes of the best fit lines in Figures 3a–3b are very
similar, and the data are correlated levels of R = 0.97–0.99.
Though not obvious in Figures 2 and 3, at the lowest end of
the FD and IWP scales the best fit lines depart from the IWP
and FD data points near the noise floors discussed for
Figures 2a–2b. CDFs of FD in the ensemble sample
(Figure 3a) reveal that only 20%, 7% and 2% of the total
sample of grid points over land, coast and ocean respec-
tively, contained both measurable IWP and lightning. For
the TI method, 82%, 44% and 12% of the 0.5� grid

Figure 2. A scatter plot of northern hemisphere warm-
season convective IWP (ordinate) as a function of FD
(abscissa) and regime (land = red; coast = yellow; ocean =
blue) for (a) instantaneous 0.5� TRMM samples- the
‘‘ensemble’’ method; and (b) time-integrated means of 0.5�
grid samples. Best fit lines are shown for each distribution
(land = maroon; coast = black; ocean = light blue).

Figure 3. Average convective IWP (ordinate) occurring in
each lightning FD bin (abscissa) for: (a) ensemble grid-point
samples, and (b) time-integrated samples. Regime data
points are colored as in Figure 2 with error bars shown for
each regime (±1s). Values for accompanying CDFs of FD
grid points used in each method are plotted on the right
ordinate. Equations for the best fit line through data points
of each regime and associated correlation coefficients
(colored to match regimes) are also indicated.
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points were associated with lightning production. The TI
CDF values are larger than the ensemble values because
the FD sample distribution is essentially smoothed when
accumulating the number of lightning flashes observed
over a three-year period. However, for both methods
neither the ocean nor coastal regimes produce the num-
bers of FD or IWP data points observed over land at the
moderate to high end of the FD spectrum.

4. Conclusions

[13] This study used TRMM lightning and radar obser-
vations to examine two specific problems: 1) the funda-
mental relationship between precipitation ice mass and
lightning flash density; and 2) the degree to which this
relationship varies over globally averaged ocean, coastal,
and continental regions. Given sufficient vertical fluxes of
ice and associated charge generation via NIC-based charg-
ing mechanisms, we hypothesized that the relationship
between ice water path and lightning flash density should
exhibit high correlation and be independent of regime.
[14] Whether comparing instantaneous observations of

lightning and ice water path in an ensemble fashion or
examining time-integrated means, gridded ice water paths in
the land, coastal and ocean regimes were highly correlated
to lightning flash density, providing another robust link
between precipitation-sized ice and the electrical intensity
of cumulonimbus clouds. Importantly, best-fit lines between
flash density and ice water path for all three regimes
were nearly identical, exhibiting differences in slope of
�20% or less. These results suggest that 1) when consid-
ered on a global scale the relationship between column
integrated precipitation ice mass and lightning flash density
is invariant between land, ocean and coastal regimes (in
contrast to rainfall); and 2) to first order, the physical
assumptions of precipitation-based charging and mixed
phase precipitation development are robust, suggesting that
lightning data may be a useful in combined algorithms
developed to retrieve ice water content.
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