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ABSTRACT
Part I of this two-part paper treats Tropical Rainfall Measuring Mission (TRMM) radar, passive microwave,
and lightning observations in hurricanes individually. This paper (Part II) examines relationships between these
parameters (and implications of the relationships). Quantitative relationships between lightning occurrence and
85-GHz brightness temperature, 37-GHz brightness temperature, and radar reflectivity in the mixed phase region
are established separately for hurricane eyewall regions, inner rainband regions, and outer rainband regions;
other tropical oceanic regions; and tropical continental regions. When any of the brightness temperature or radar
parameters are held constant as controls, lightning is more frequent in hurricane outer rainbands than elsewhere
over tropical oceans, and more frequent over continents than even in the outer rainbands. Reflectivity profiles
associated with specific brightness temperatures are presented, demonstrating a link between high-altitude ice
phase precipitation and 85-GHz scattering and a link between lower-altitude precipitation and 37-GHz scattering.
Based on the combination of radar, passive microwave, and lightning observations, it is proposed that supercooled
cloud water occurs preferentially in outer rainbands compared to other tropical oceanic precipitation. The suspected microphysical differences produce only subtle differences in the remote sensing parameters other than
lightning.

1. Introduction
Understanding, estimating, and predicting such parameters as rainfall, vertical motion, and latent heating
in precipitation systems requires some understanding of
the microphysical characteristics of clouds and precipitation. Hurricanes provide an excellent environment for
studying precipitation processes (Marks et al. 1998), as
the precipitation field is long lived and generally well
organized by the flow of the vortex. Black and Hallett
(1986, 1999) utilize observations made over several
years by instrumented aircraft in annual hurricane field
programs to document microphysical and electrical
characteristics in and around hurricane eyewalls. Despite many research flights in these well-organized precipitation systems, Black and Hallett call for additional
measurements, noting the limitations of available in* Current affiliation: National Space Science and Technology Center, University of Alabama in Huntsville, Huntsville, Alabama.
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struments and aircraft flight levels. Direct observation
of cloud and precipitation microphysics is a difficult
problem.
Satellite-borne remote sensors offer the opportunity
to examine altitudes and geographic locations inaccessible to aircraft, and domains broader than that swept
by an instrument carried on board an aircraft. Of course,
remote sensing only provides estimates of those parameters we would prefer to observe directly. The estimates
are limited by our understanding of the actual parameters and the physical processes involved in the remotely
sensed measurements. In this research, four types of
remote sensing measurements are utilized: radar reflectivity, passive microwave brightness temperature at 85
and 37 GHz, and lightning flash counts. The known (or
theorized) physical processes involved in each type of
measurement are used as constraints in interpreting the
other measurements. This research has three basic purposes: 1) to improve our understanding of how the remote sensing measurements relate to each other and how
they can be interpreted individually, 2) to improve our
understanding of the microphysical characteristics of
precipitation features in hurricanes, and 3) to investigate
reasons for observed differences in lightning production
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between precipitation features from hurricane eyewall
regions, hurricane inner and outer rainband regions, other tropical oceanic precipitation features, and tropical
continental precipitation features.
Cecil et al. (2002, hereafter referred to as Part I)
describe previous hurricane studies related to this research and document the distributions of radar reflectivity, passive microwave brightness temperatures, and
lightning in the dataset used here. In this paper, comparisons of the different remote sensing observations
are made in section 3 and discussed in section 4. The
focus is on hurricane precipitation features, but other
tropical oceanic and tropical continental precipitation
features are also discussed to aid in comparison and
interpretation. More detailed analysis of these tropical
continental and tropical oceanic precipitation features,
with particular emphasis on lightning, is presented in
Toracinta et al. (2002). Section 5 contains a brief summary of the results and conclusions.
2. Data, methods, and interpretation
The same dataset of Tropical Rainfall Measuring Mission (TRMM) precipitation features in hurricanes is
used in this study as in Part I. The hurricane eyewall
region, inner rainband region, and outer rainband region
identifications are defined in section 2 of Part I. Comparison of these classifications to prior hurricane studies
is also made in that section. Section 3 of Part I describes
the dataset and data sources, while section 4 of Part I
describes the method of analysis. The results presented
and discussed here make use of only the second methodological approach described in section 4 of Part I.
That is, each precipitation feature is assigned a single
value for the following parameters: minimum 85-GHz
brightness temperature, minimum 37-GHz brightness
temperature, maximum radar reflectivity at each vertical
level, and total flash count. The results obtained using
the first (pixel based) approach from Part I are similar,
but the second approach is better suited to the objectives
of this paper. These objectives require direct comparison
of measurements from the different TRMM sensors. Because of differing fields of view and differing scan geometries, we cannot actually compare one 85-GHz pixel
to spatially coincident 37-GHz, radar, and lightning data
pixels. Instead we choose to compare a precipitation
feature’s ‘‘most intense’’ 85-GHz pixel to its ‘‘most intense’’ 37-GHz pixel, etc. Our examination of hundreds
of cases confirms that these most intense pixels tend to
occur in roughly the same location, as do most of the
observed lightning flashes.
Analysis of the results presented in this paper requires
a more detailed review of passive microwave radiative
transfer than that which is given in Part I. For many
observational purposes, it is appropriate to think of 85
GHz as simply an ice scattering channel (e.g., Mohr et
al. 1999; Nesbitt et al. 2000), in which precipitationsized ice reduces the observed brightness temperature
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FIG. 1. Fraction of precipitation features with lightning as a
function of the precipitation feature’s minimum 85-GHz PCT.

by scattering the upwelling radiation (Wu and Weinman
1984; Wilheit 1986; Spencer 1986; Spencer et al. 1989).
For this study, it is necessary to consider additional
influences on 85-GHz brightness temperature. Cloud–
radiation model databases such as Adler et al. (1991),
Vivekanandan et al. (1991), Smith et al. (1992), and Seo
(2000) attribute brightness temperature warming (at
both 85 and 37 GHz) to emission by supercooled liquid
water. This partially counteracts the brightness temperature decrease caused by ice scattering. The magnitude
of the warming depends on the amount and vertical
distribution of scatterers with relation to the cloud water.
While emission by water can mask the effect of scattering by ice at the same altitude, a sufficient optical
depth of ice above the liquid water may negate any
radiative effects of the liquid water.
It is important to consider observational footprint size
when using satellite measurements. The TRMM Microwave Imager (TMI) effective field of view is four times
as large at 37 GHz (;150 km 2 ) as at 85 GHz (;35
km 2 ); either of these is large compared to typical updrafts or to the resolution used in modeling studies discussed above. As a result, the observed brightness temperatures represent a combination of effects over a relatively large area.
3. Results
a. Lightning versus brightness temperature
We first consider the probability that a given precipitation feature has lightning [as observed by the TRMM
Lightning Imaging Sensor (LIS)] as a function of the
precipitation feature’s maximum ice scattering signature
at 85 GHz (Fig. 1) and 37 GHz (Fig. 2). For both frequencies, increased ice scattering (decreased brightness
temperature) is indicative of an increased likelihood of
lightning. Increased ice scattering also accompanies
higher flash rates (Fig. 3). For a given magnitude of ice
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FIG. 2. Fraction of precipitation features with lightning as a
function of the precipitation feature’s minimum 37-GHz PCT.

scattering, however, there is a much greater likelihood
of lightning in tropical continental systems than in tropical oceanic systems (including hurricanes). Among the
tropical oceanic systems, there is a noticeably greater
likelihood of lightning (for a given magnitude of ice
scattering) in the hurricane outer rainband region than
elsewhere. In tropical continental convection, the probability of LIS-observed lightning (at least ;1 flash
min 21 ) begins to increase rapidly as the 85-GHz polarization corrected temperature (PCT) decreases below
260 K or 37-GHz PCT decreases below 275 K. In the
outer rainband regions, probability of lightning begins
to increase as 85-GHz PCT decreases below 200 K or
37-GHz PCT decreases below 265 K. In the eyewall
region, inner rainband region, and general tropical oceanic sample, ice scattering must produce 85-GHz PCTs
below 170 K or 37-GHz PCTs below 260 K before the
probability of lightning begins to increase. With these
low brightness temperatures, the occurrence of lightning
is nearly a certainty in tropical continental convection.
Given the extreme difference in lightning production
for tropical continental convection compared to tropical
oceanic and/or hurricane convection, it is reasonable to
ask whether the outer rainband sample is biased by electrically active rainbands over land. While some such
rainbands are included in the sample, we have been
careful to verify that the rainbands over land do not
skew our results. The lightning differences reported in
this and subsequent sections are noted even in rainbands
located over the open ocean, with no apparent influence
from continents or islands.
The very low brightness temperatures where lightning
becomes somewhat common in hurricane and other
tropical oceanic precipitation features (85-GHz PCT ,
150 K; 37-GHz PCT , 250 K) occur in only ;1% of
these features (see Part I). The sample size in this study
is not large enough to closely compare the lightning
properties of features with such low brightness tem-
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FIG. 3. Flash count (proportional to size of black symbols, ranging
from 1 to 49) as a function of the precipitation feature’s minimum
85-GHz PCT and minimum 37-GHz PCT. Precipitation features without lightning are plotted with gray diamonds. Only outer rainband
region precipitation features are included.

peratures. At slightly higher brightness temperatures
where lightning is common in tropical continental systems but only remotely possible (within LIS detection
constraints) in tropical oceanic systems, the sample size
is large enough to note a difference between the outer
rainband region and the rest of the hurricane (Table 3
of Part I). Only 3 of 56 (5%) eyewall region and inner
rainband region precipitation features having minimum
85-GHz PCTs of 160–200 K produce lightning. For the
outer rainband region, 41 of 183 (22%) produce lightning. Among 88 eyewall region and inner rainband region features with minimum 37-GHz PCTs of 255–263
K, none have lightning. In the outer rainband region,
35 of 140 (25%) features with this magnitude of ice
scattering have lightning. These brightness temperatures
can be thought of as representing vigorous but not extreme convection. The microphysical conditions responsible for these brightness temperatures in outer rainbands are occasionally sufficient to produce lightning.
The microphysical conditions yielding these brightness
temperatures elsewhere over the tropical oceans are
rarely associated with lightning. In tropical continental
convection, microphysical conditions suitable for both
lightning and this range of brightness temperatures are
commonplace.
b. Lightning versus reflectivity
Just as lightning becomes more probable in precipitation features with greater passive microwave ice scattering, it also becomes more probable in precipitation
features with greater maximum radar reflectivity at a
given height (Fig. 4). For a particular reflectivity value
(e.g., 30 dBZ at 10-km altitude), a tropical continental
precipitation feature is more likely to have lightning
than any of the categories of hurricane or other tropical
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FIG. 4. Fraction of precipitation features with lightning as a function of the precipitation feature’s maximum reflectivity at each height.
Shading is applied at 0.01, 0.25, 0.5, and 0.75 levels.

oceanic precipitation features. The reflectivity values
commonly associated with lightning in tropical oceanic
precipitation features are only rarely attained (cf. Fig.
4 with Fig. 9a of Part I). The values representing at least
a 1% chance of lightning detected by LIS in tropical
oceanic precipitation features (the lightest gray shading
in Fig. 4) occur in less than 5% of tropical oceanic
precipitation features in the study. Reflectivity values
representing at least a 25% chance of lightning are found
in about 0.1% of tropical oceanic precipitation features.
Because reflectivity is correlated with itself in the
vertical, any altitude can be used to analyze the probability of lightning as a function of reflectivity. This is
most appropriate, however, in the mixed phase region
where charge separation occurs (Reynolds et al. 1957
and many others). Table 1 lists the fraction of precipitation features with lightning (as detected by LIS) as a
function of their maximum reflectivity at 7-km altitude.
This altitude typically corresponds to temperatures
around 2108 to 2158C, where mixed phase precipitation is likely to be found in electrically active clouds
(Dye et al. 1986, 1988, 1989; Black and Hallett 1999).
Lightning becomes increasingly possible (with LIS detection constraints) in tropical oceanic convection (including hurricanes) as 7-km reflectivity exceeds about
33 dBZ. Lightning is probable in precipitation features
with 40 dBZ or greater reflectivity at 7 km. For intermediate reflectivities, lightning is more common in the

outer rainband region than in the rest of the hurricane
or tropical oceanic sample.
In addition to the magnitude of reflectivity in the
mixed phase region, the shape of the reflectivity profile
contributes information about a precipitation feature’s
ability to produce lightning (Zipser and Lutz 1994). Reflectivity at 7 km and reflectivity lapse rate between 6and 9-km altitude is plotted for precipitation features
with and without LIS-detected lightning in Fig. 5. The
greatest flash rates occur with precipitation features having 7-km reflectivity in excess of 40 dBZ and 10 dBZ
or less decrease of reflectivity between 6 and 9 km. At
lower reflectivity values or greater reflectivity lapse
rates, the flash rates decrease and there is an overlap
between features with and without lightning. For much
of the overlap region in this parameter space (and likewise in Figs. 3, 12, and 13), the precipitation features
with lightning only have one or two flashes observed
by LIS. It is likely that many of these features and many
of the ‘‘no lightning’’ features in the same part of the
parameter space would actually have similar flash rates
to each other if observed for longer periods of time than
is possible with LIS. Only outer rainband region precipitation features are plotted in Fig. 5, but other categories of precipitation features qualitatively show the
same relationship between flash rate, maximum 7-km
reflectivity, and reflectivity lapse rate. A quantitative
comparison reveals much more lightning in tropical con-

TABLE 1. Fraction of precipitation features that have lightning and their total flash count, separated by the precipitation feature’s
maximum 7-km reflectivity. Regions are eyewall (EW), inner rainband (IB), and outer rainband (OB).
Precipitation feature maximum 7-km reflectivity (dBZ )

EW region
IB region
OB region
Tropical
oceanic
Tropical
continental

32–33

34–35

36–37

38–39

40–41

42–43

0/13
0
0/13
0
4/91
5
13/448
26
300/693
759

0/4
0
1/7
7
14/71
22
25/241
47
368/618
1137

1/3
1
1/8
1
22/46
62
27/115
70
388/565
1767

0/7
0
1/3
7
12/23
30
22/39
77
378/476
2512

1/2
3
2/2
21
22/24
87
7/10
28
386/445
3479

0/1
0
0/0
0
9/10
63
3/4
51
307/347
4805
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FIG. 5. As in Fig. 3 but with maximum 7-km reflectivity and lapse
rate of maximum reflectivity between 6- and 9-km altitude.

tinental features and less lightning in tropical oceanic,
eyewall region, or inner rainband region precipitation
features having the same combinations of 7-km reflectivity and reflectivity lapse rate.
c. 85- versus 37-GHz brightness temperature
The primary signal we analyze using 85- and 37-GHz
channels is the scattering of upwelling radiation by precipitation-sized ice. Each frequency has different scattering properties, with the shorter wavelength at 85 GHz
more sensitive to smaller particles than the longer wavelength at 37 GHz. In addition to this, the 85-GHz channel is more sensitive than the 37-GHz channel to emission by liquid water. The 37-GHz channel has a larger
field of view and is thus more susceptible to nonuniform
beamfilling effects than the 85-GHz channel. These factors may lead to systematic differences in the relationships between the 85- and 37-GHz channels in different
regimes.
The 85-GHz PCT has a broader dynamic range than
does that at 37 GHz. For both channels, the oceanic
background produces PCTs ;280–300 K. Scattering
signals in the most intense tropical oceanic convection
yield 85-GHz PCTs ;100 K and 37-GHz PCTs ;200
K (Part I). Figure 6 displays the precipitation feature
minimum 37-GHz PCT as a function of precipitation
feature minimum 85-GHz PCT. For all categories, a decrease in 85-GHz PCT over the range of ;275–175 K
corresponds to a slow decrease in 37-GHz PCT over
the range of ;280–260 K. While ice scattering provides
the dominant signal for this range of 85-GHz PCT, most
of the 37-GHz signal is associated with rain. As scattering becomes dominant at 37 GHz (with PCT below
;260 K), the 37-GHz PCT decreases more rapidly with
decreasing 85-GHz PCT.
Comparing the relationships between 85- and 37-GHz
channels for each category of precipitation feature, we
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FIG. 6. Relative frequency distribution/scatterplot of precipitation
features by minimum 85-GHz PCT and minimum 37-GHz PCT. For
the outer rainband region (4668 in sample), the frequency distribution
of minimum 37-GHz PCT vs minimum 85-GHz PCT is shaded. Solid
and dashed contours are plotted for the tropical oceanic (46 655 in
sample) and tropical continental (25 427 in sample) samples, respectively. Eyewall region plotted as asterisks (104 in sample), and
inner rainband region plotted as diamonds (952 in sample). Contour
levels are 10 24 , 10 23 , and 10 22 of the total sample. Bin size is 25 K
for 85-GHz PCT, 5 K for 37-GHz PCT.

see that the frequency distributions are fairly similar for
the outer rainband region and tropical oceanic sample.
Precipitation features in both the inner rainband region
and eyewall region are shifted toward lower minimum
37-GHz PCT for a given minimum 85-GHz PCT. The
continental sample exhibits a wider range of brightness
temperatures at one frequency when the other is held
constant. Toracinta et al. (2002) interprets this as a signal
from supercooled liquid cloud water.
d. Properties of reflectivity profiles
Although the TRMM Precipitation Radar measures
reflectivity at 80 vertical levels, the reflectivity at any
particular level is highly correlated with the reflectivity
at adjacent levels. It is useful to define a few parameters
from the vertical reflectivity information and compare
these. In this section we compare the maximum heights
attained by the echoes having 20 and 30 dBZ. The purpose is to distinguish between precipitation features that
have a deep layer of low reflectivity and precipitation
features that have greater reflectivity values over a
smaller depth. Vertically integrated quantities such as
optical depth or brightness temperature may have similar values for both types of precipitation features, while
vertical heating profile or potential for lightning, for
example, would be different.
In many of the deep tropical continental precipitation
features, the 30-dBZ echo extends to within about 2 km
of the 20-dBZ echo top (Figs. 7, 8b). In many of the
deep tropical oceanic precipitation features, including
those from hurricanes, the 30-dBZ echo is confined be-
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FIG. 7. Number of precipitation features in each sample as a function of the precipitation feature’s maximum 20dBZ echo-top height and maximum 30-dBZ echo-top height. Numbers in each bin correspond to eyewall region, inner
rainband region, outer rainband region, tropical oceanic sample, and tropical continental sample. Shading is applied
to the tropical continental sample and white contours to the tropical oceanic sample. Shading/contour levels are at
relative frequencies of 10 25 , 5 3 10 25 , 10 24 , 5 3 10 24 , 10 23 , 5 3 10 23 , 10 22 , and 5 3 10 22 of the total sample.

low about 9 km while the 20-dBZ echo often extends
to 12 km or higher. The 20-dBZ height is approximated
by a linear function of the 30-dBZ height in tropical
continental systems but by a quadratic function of the
30-dBZ height in tropical oceanic systems. This differ-

ence between the reflectivity profiles of the tropical continental and tropical oceanic precipitation features is
also evident when considering the heights attained by
other reflectivity values.
Precipitation features with a 20-dBZ echo extending
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FIG. 8. Properties of precipitation features having maximum 20-dBZ echo-top heights of 13–14 km. Sample size
is 8 for eyewall region, 10 for inner rainband region, 46 for outer rainband region, 286 for tropical oceanic sample,
and 599 for tropical continental sample. (a) Median vertical profiles of precipitation feature maximum reflectivity;
(b) relative frequency of maximum 30-dBZ echo-top height (1-km bins); (c) median value of minimum 85-GHz PCT,
as a function of maximum 30-dBZ echo-top height; and (d) median value of minimum 37-GHz PCT, as a function
of maximum 30-dBZ echo-top height.

to 13–14-km altitude are isolated in Fig. 8. Among features with the same 20-dBZ echo-top height (and likely
sharing similar cloud top heights), those from tropical
continental regions tend to have ;5 dBZ (and sometimes much more than this) greater reflectivity through
the mixed phase region than those from tropical oceanic
regions (Fig. 8a). The reflectivity profiles for hurricane
rainband regions lie squarely between those for other
tropical oceanic and tropical continental precipitation
features. The eyewall region has the greatest reflectivity,
in part because the eyewall is warmer aloft than are the
other regions. For this 13–14-km 20-dBZ height, the
hurricane regions usually have a 30-dBZ echo extending
to 8–10 km (Fig. 8b). This is between the typical values
for tropical oceanic (7 km) and tropical continental (11
km) precipitation features.
e. Reflectivity versus brightness temperature
The parameters used above can also be used to compare the radar measurements with the passive micro-

wave measurements. Figure 8c makes use of each precipitation feature’s minimum 85-GHz PCT, maximum
20-dBZ echo height, and maximum 30-dBZ echo height.
Features are grouped by 1-km increments of 30-dBZ
height and 20-dBZ height. From all of the precipitation
features in each 1-km bin, the median of the minimum
85-GHz PCT values is plotted. Only those with 20-dBZ
echo heights of 13–14 km are shown in Fig. 8c; others
have been examined. The eyewall region and inner rainband region are omitted from this plot because of the
noise associated with small sample sizes. The values
from the eyewall region and inner rainband region are
generally similar to those from the outer rainband region, which in turn are similar to those from the tropical
oceanic sample. Compared to the tropical continental
sample, the hurricane and other tropical oceanic precipitation features produce ;10–15 K lower 85-GHz
PCTs for a given combination of 20- and 30-dBZ
heights. For all of these categories, the minimum 85GHz PCT decreases with increasing maximum 30-dBZ
height. Minimum 37-GHz PCT also decreases with in-
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FIG. 9. Properties of precipitation features having maximum 30-dBZ echo-top heights of 8–9 km. Sample size is
84 for outer rainband region, 398 for tropical oceanic sample, and 914 for tropical continental sample. (a) Median
value of minimum 85-GHz PCT, as a function of maximum 20-dBZ echo-top height; (b) median value of minimum
37-GHz PCT, as a function of maximum 20-dBZ echo-top height.

creasing 30-dBZ height (Fig. 8d). There is not much
difference between the 37-GHz values for tropical oceanic and tropical continental precipitation features, but
those from the hurricane samples do tend to be a few
degrees Kelvin lower for a given combination of 20and 30-dBZ heights.
Figures 9a,b are similar to Figs. 8c,d except the 30dBZ height is held constant at 8–9 km and the 20-dBZ
height is varied. The relationships are similar to those
in Figs. 8c,d. Varying 20-dBZ height has a greater impact on 85-GHz PCT than varying 30-dBZ height. That
is, 85-GHz PCT decreases more rapidly for an increase
in 20-dBZ height than for an increase in 30-dBZ height.
This suggests that the thickness of the ice layer may be
more important than the size of the ice itself for 85GHz scattering.
Instead of comparing the ice scattering signatures associated with similar radar reflectivity parameters, we
next consider the reflectivity profiles associated with
similar ice scattering signatures. For each precipitation
feature, the maximum reflectivity at each height has
been stored. Using all precipitation features that have
minimum 85-GHz PCT in the 150–160-K range, the
median of these maximum reflectivities is plotted in Fig.
10a. Note that the sample size is small for the eyewall
region (due to the small size of the overall eyewall
sample) and for the inner rainband region (due to the
lack of strong convection producing such low brightness
temperatures in inner rainbands). The resulting reflectivity profiles from each category are somewhat similar
to each other. The primary differences are that the eyewall region has the greatest reflectivities near and below
the freezing level and the tropical continental sample
has the greatest reflectivities above the freezing level.
Throughout most of the mixed phase and ice layers (at
7 km and higher), tropical continental reflectivities are
about 5 dBZ greater than those in hurricane and other

tropical oceanic precipitation features having similar
(150–160 K) 85-GHz ice scattering signatures. This is
consistent with the previous finding that tropical continental systems produce greater 85-GHz PCTs than
tropical oceanic systems do for a given combination of
echo-top heights. Examination of other ranges of minimum 85-GHz PCT yields reflectivity profiles tightly
clustered above the freezing level for the hurricane and
other tropical oceanic samples, but with greater reflectivity aloft for the tropical continental sample (Figs.
10b,c). The reflectivity difference between the tropical
continental and other samples decreases as the 85-GHz
PCT increases.
Comparing reflectivity profiles from precipitation features with similar minimum 37-GHz PCT, we find similar reflectivity values near and below the freezing level.
For features having minimum 37-GHz PCTs in the 250–
255-K range (Fig. 11a), all of the categories produce
median reflectivities of 46–48 dBZ in the lowest 5 km
except the eyewall region, which has values of 49–51
dBZ through this layer. Above 6 km, the reflectivities
associated with the various categories diverge from each
other. Among features with minimum 37-GHz PCTs of
260–265 K, the median reflectivities are all 43–45 dBZ
below 5 km (Fig. 11b). They diverge from each other
with increasing altitude. As was the case using 85-GHz
PCTs, the tropical continental sample produces the
greatest reflectivity aloft. For higher 37-GHz PCTs (Fig.
11c) where the signal is dominated by emission instead
of scattering, there is less correspondence between the
reflectivities at any height.
f. Lightning versus reflectivity and brightness
temperature
Having considered lightning as a function of reflectivity or ice scattering individually, we now examine
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FIG. 10. Median vertical profiles of precipitation feature maximum reflectivity for all features having minimum 85-GHz PCT between (a) 150–160, (b) 200–
210, and (c) 250–260 K.

lightning as a function of both reflectivity and ice scattering together. Reflectivity at 7-km altitude is again
used, although other altitudes above the freezing level
yield similar results. (Lightning is much less sensitive
to reflectivity below the freezing level than above the
freezing level.) In Fig. 3, flash counts in outer rainbands
are plotted as a function of minimum 85-GHz PCT and
minimum 37-GHz PCT, and in Fig. 5 they are plotted
as a function of maximum 7-km reflectivity and lapse
rate of maximum reflectivity between 6 and 9 km. Flash
counts in outer rainbands are plotted as a function of
maximum 7-km reflectivity and minimum 85-GHz PCT
in Fig. 12 and as a function of maximum 7-km reflectivity and minimum 37-GHz PCT in Fig. 13. In each
figure, this mixed phase region reflectivity adds information to the ice scattering signature and likewise the
ice scattering signature adds information to the reflectivity information. That is, for a given ice scattering
signature at 85 or 37 GHz, the higher flash rate systems
have higher reflectivities. For a given 7-km reflectivity,
the higher flash rate systems have lower 85-GHz PCT
or 37-GHz PCT.
Lightning occurs more frequently in precipitation features with strong ice scattering signatures and high reflectivities in the mixed phase region than in features
with lesser ice scattering and lesser reflectivities. This

is a logical result, which has been quantified in previous
sections. However, we wish to identify and understand
subtle differences between features with and without
lightning that otherwise seem to have comparable convective intensities. We therefore isolate small subsets of
the database covering narrow ranges of ice scattering
and reflectivity and compare those features that have
lightning to those features that do not have lightning
(as detected by LIS). The sample sizes are necessarily
small in the remainder of this section in order for the
controlled measures of convective intensity to be essentially equal for those features being compared.
Among precipitation features with minimum 85-GHz
PCTs in the 155–160-K range and minimum 37-GHz
PCTs in the 250–255 K range, 7 of 10 (70%) outer
rainband region features have lightning detected by LIS,
5 of 25 (20%) features in the tropical oceanic sample
have lightning, and 40 of 41 (98%) tropical continental
features have lightning. The maximum reflectivity profiles from each of these precipitation features are plotted
in Fig. 14. The reflectivity profiles from lightning and
no-lightning features are similar to each other at low
levels and at upper levels, but depart from each other
between about 6- and 10-km altitude. Reflectivity decreases much more rapidly with height just above the
freezing level in the precipitation features without LIS-

794

MONTHLY WEATHER REVIEW

VOLUME 130

FIG. 11. Median vertical profiles of precipitation feature maximum reflectivity for all features having minimum 37-GHz PCT between (a) 250–255, (b) 260–
265, and (c) 270–275 K.

detected lightning than in the features with lightning.
The resulting reflectivities through the mixed phase region are less in the features without lightning. The profiles from outer rainbands with lightning are similar to
those from other tropical oceanic features with lightning. The profiles from outer rainbands without lightning are similar to those from other tropical oceanic
features without lightning. For this small portion of the
parameter space, the key difference is that a greater
percentage of the tropical oceanic precipitation features
have a relatively sharp decrease in reflectivity just above
the freezing level. This corresponds to the smaller percentage of tropical oceanic precipitation features having
lightning. Compared to the tropical continental sample,
the tropical oceanic and outer rainband region precipitation features without lightning occupy the low reflectivity end of the spectrum of observations between
6 and 10 km. Tropical continental precipitation features
with similar reflectivities through this layer do usually
produce lightning, but most of the tropical continental
lightning producers have greater reflectivity.
Only one eyewall region precipitation feature (and
none from the inner rainband region) falls into the range
of brightness temperatures discussed above; it does not
have lightning observed by LIS. Reflectivities between
6 and 10 km for this precipitation feature without light-

ning are similar to those for outer rainbands with lightning. However, the freezing level appears to be at least
500 m higher for this eyewall than for the outer rainbands or other tropical oceanic features. Accounting for
the warmth of the eyewall (temperature is a more appropriate vertical coordinate than height) puts this eyewall reflectivity profile in the high reflectivity end of
the no-lightning tropical oceanic features, overlapping
with some of the lightning producing features.
Just as a small range of 85- and 37-GHz PCTs was
used to define small subsets of the database for comparing lightning and no-lightning precipitation features,
a small range of reflectivities in the mixed phase region
can also be used. If the maximum reflectivity at one
particular height is chosen to define these subsets, then
the main difference between features with lightning and
those without lightning is the reflectivity through the
remainder of the mixed phase region. The features with
lightning have greater reflectivity. If the subsets are constrained to share the same reflectivity at some height
and the same decrease of reflectivity through a layer,
the resulting reflectivity profiles are nearly indistinguishable. This is the case for those precipitation features plotted in Fig. 15, which all have 37-dBZ maximum 7-km reflectivity and a 9-dBZ decrease in maximum reflectivity from 6- to 9-km height. (This repre-
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FIG. 12. As in Fig. 3 but with minimum 85-GHz PCT and
maximum 7-km reflectivity.

sents a typical reflectivity lapse rate for the outer
rainband and other tropical oceanic precipitation features with lightning in Fig. 14; in Fig. 5, there is an
overlap between low flash rate storms and no-lightning
storms for these values.) In this subset, 4 out of 7 outer
rainband region precipitation features have lightning as
detected by LIS, 2 of 3 tropical oceanic features have
lightning, and 20 of 26 tropical continental features have
lightning. No eyewall region or inner rainband region
precipitation features meet these criteria.
In the low brightness temperature (lower left) portion
of Fig. 15, the outer rainband region, tropical oceanic,
and tropical continental precipitation features are evenly
distributed, except that all of the tropical continental
precipitation features there have lightning. However, all
of the features with brightness temperatures of at least
190 K at 85 GHz or 265 K at 37 GHz are from the
tropical continental sample. Among these, 8 out of 14
have lightning. There is a tendency for the precipitation
features with lightning to have greater 85- and 37-GHz
ice scattering (lower brightness temperatures), and a tendency for greater flash rates to coincide with greater
scattering. Surely some of the lightning and no-lightning
features would have comparable flash rates if observed
for a longer time period.
4. Discussion
a. Microphysical implications of the observations
At the 85- and 37-GHz frequencies, any given brightness temperature can result from an infinite number of
cloud microphysical conditions. The upwelling brightness temperatures at these frequencies represent integrated effects of emission by the surface, emission by
liquid rain and cloud water, emission by frozen hydrometeors, scattering by raindrops, and scattering by frozen hydrometeors. For radiometer measurements with
finite resolution, nonuniform beamfilling effects must
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FIG. 13. As in Fig. 3 but with minimum 37-GHz PCT and
maximum 7-km reflectivity.

also be considered. Different relative contributions from
each of these sources may combine to yield the same
brightness temperature. This must be the case when considering the differences in lightning probabilities or radar reflectivities associated with similar brightness temperatures for tropical continental, tropical oceanic, and
the three hurricane categories of precipitation features.
Charge separation theories suggest that electrically
active storms feature a combination of supercooled
cloud water, cloud ice, and large (;mm) graupel (Reynolds et al. 1957; Takahashi 1978; Jayaratne et al. 1983;
Saunders et al. 1991). Supercooled cloud water and
graupel have competing effects on the upwelling brightness temperature. While graupel reduces the brightness
temperature by scattering upwelling radiation, emission
from supercooled cloud water droplets increases the
brightness temperature (Adler et al. 1991; Vivekanandan
et al. 1991; Smith et al. 1992; Seo 2000). Supercooled
cloud water thus masks the scattering signal that results
from graupel at the same vertical level. The magnitude
of this masking depends on the amount and vertical
distribution of both the supercooled cloud water and the
graupel. Seo (2000) reports up to ;150 K warming at
85 GHz due to emission by supercooled cloud water.
Because lightning is much more common in tropical
continental precipitation features than in tropical oceanic precipitation features with similar brightness temperatures (Figs. 1–3), we infer that the tropical continental features tend to have more supercooled cloud
water and more large graupel for a given brightness
temperature. Similarly, we infer that outer rainband region precipitation features with minimum 85-GHz PCTs
below ;200 K or minimum 37-GHz PCTs below ;265
K tend to have more supercooled cloud water and more
large graupel than other tropical oceanic or hurricane
precipitation features with similar brightness temperatures. We can only speculate about some causes for this,
which may include slightly stronger updrafts in the outer

796

MONTHLY WEATHER REVIEW

VOLUME 130

FIG. 14. Vertical profiles of maximum reflectivity
for all precipitation features having minimum 85-GHz
PCTs of 155–160 K and minimum 37-GHz PCTs of
250–255 K. Precipitation features with lightning are
plotted with solid gray lines; precipitation features
without lightning are plotted with dashed black lines.
(a) Outer rainband region; (b) tropical oceanic sample;
(c) tropical continental sample.

rainbands and/or the depletion of supercooled water by
natural seeding in the hurricane’s inner core.
While supercooled cloud water may be an essential
ingredient for lightning generation, it has very little impact on radar reflectivity. Reflectivity is proportional to
the sixth power of drop diameter in the Rayleigh regime,
so cloud droplets are essentially invisible in the presence
of larger precipitation particles. Instead, reflectivity in
the mixed phase region responds primarily to the concentration and size of the largest graupel particles, hail,
and liquid raindrops. So it is reasonable that increased
reflectivity corresponds to increased probability of lightning and increased lightning production [as in the largerscale study of Petersen and Rutledge (2001)], although
the relationship is imperfect and varies in different environments. Jorgensen et al. (1985) note rapid decreases
in mean profiles of both cloud water content and radar
reflectivity just above the freezing level in hurricane
eyewalls. They speculate that this is the result of the
low updraft speeds that have been documented. Black
et al. (1996) document rapid decreases of reflectivity
with height above the freezing level, along with low
updraft speeds. They also discuss this in terms of the
lack of supercooled liquid in hurricanes. Precipitation
features with relatively smaller reflectivity lapse rates
above the freezing level may contain more supercooled

cloud water in the mixed phase region than other precipitation features with greater reflectivity lapse rates.
This is reflected in the tropical continental and outer
rainband region precipitation features’ higher lightning
probabilities, corresponding to their smaller reflectivity
lapse rates.
The eyewall region and inner rainband region precipitation features produce lower minimum 37-GHz
PCTs than other precipitation features having the same
minimum 85-GHz PCT (Fig. 6). This may suggest that
the inner rainband region and eyewall region have particle size distributions skewed toward the very large
graupel or hail particles that are effective at scattering
37-GHz radiation. Alternately, these precipitation features in the hurricane’s central core produce higher minimum 85-GHz PCTs for a given minimum 37-GHz PCT.
Modeling studies suggest that the impact of supercooled
cloud water on increasing the brightness temperature is
greater at 85 GHz than at 37 GHz (Adler et al. 1991;
Smith et al. 1992; Seo 2000). This could account for
clouds with greater amounts of supercooled cloud water
producing higher 85-GHz PCTs than would be expected
based on the 37-GHz PCT. Either of these first two
explanations (more very large ice or supercooled cloud
water) could also suggest enhanced cloud electrification
in the eyewall region and inner rainband region. Since
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FIG. 15. As in Fig. 3 but for all precipitation features (from hurricane, tropical oceanic, and tropical continental samples) having 37dBZ maximum 7-km reflectivity and 9-dBZ decrease in maximum
reflectivity between 6 and 9 km.

this is not the case, the differing footprint sizes between
85 and 37 GHz may be responsible for this peculiarity
of the hurricane’s inner core. The satellite’s field of view
at 37 GHz is more than four times as large as the field
of view at 85 GHz. In the hurricane’s inner core, strong
horizontal winds distribute hydrometeors over a large
area (Marks and Houze 1987). This could make the
eyewall region and inner rainband region especially efficient at uniformly filling the 37-GHz channel’s large
field of view.
b. Interpretation of TRMM observables in terms of
each other
Significant ice scattering at 85 GHz can be accomplished either by a very deep layer of relatively low
reflectivity or by a shallower layer with greater reflectivity. Reflectivities of only 20–30 dBZ extending from
the freezing level to ;15 km are generally sufficient to
depress the 85-GHz PCT below 200 K. This magnitude
of 85-GHz ice scattering can also be accomplished with
301 dBZ reflectivity extending above the freezing level
to about 7 km and 201 dBZ reflectivity extending to
11 km. The former situation is relatively common for
tropical oceanic precipitation features including hurricanes, while the latter is more common for tropical continental precipitation features. That is, the tropical oceanic features often have a deep layer of low reflectivity
while the tropical continental features have greater reflectivity but over a shallower extent (Fig. 7). More
extreme ice scattering corresponds with enhanced reflectivities extending farther above the melting level.
Precipitation features with 85-GHz PCTs below 150 K
usually have 301 dBZ reflectivity to at least 10-km
altitude, with 20-dBZ reflectivity extending to near 15
km. These same reflectivity–height combinations yield
37-GHz PCTs around 250 K. So relatively small pre-
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cipitation particles (sufficient to produce 20–30-dBZ reflectivity) extending to near cloud top can depress 85GHz PCTs to ;200 K, but more extreme scattering
signatures require larger graupel particles extending
well above the freezing level.
Similar brightness temperatures can result from very
different reflectivity profiles, and different brightness
temperatures can result from similar reflectivity profiles.
Different reflectivity–height combinations associated
with 85-GHz PCT values near 200 K were discussed
above. Qualitatively, this can be thought of as the same
magnitude of scattering being accomplished by either a
large depth of small particles or a small depth of large
particles. On the other hand, similar reflectivity profiles
for tropical continental and tropical oceanic precipitation features yield consistently higher 85-GHz PCTs
(i.e., smaller brightness temperature depressions) for the
tropical continental systems (Figs. 8a,c). We again interpret this as an effect of supercooled liquid water (with
more supercooled water in the tropical continental precipitation features), which would yield a higher 85-GHz
PCT with all else being equal. While the distinction
between tropical continental and tropical oceanic 85GHz PCT is consistently .10 K, we do not see a consistent difference between the tropical oceanic and hurricane categories. At 37 GHz, the brightness temperatures associated with a given combination of reflectivity
and height are similar for both tropical continental and
tropical oceanic precipitation features, but the hurricane
precipitation features tend to be a few degrees Kelvin
lower. When comparing the different categories of precipitation features while holding the reflectivity parameters constant, the eyewall region and inner rainband
region produce the lowest 37-GHz PCT. This is similar
to the comparison made while holding the 85-GHz PCT
constant. As in that comparison, we interpret the lower
37-GHz PCT in the hurricane’s inner core to be a result
of more uniform coverage of the large 37-GHz footprint
in this environment than in other environments having
less horizontal advection of hydrometeors.
Comparison of reflectivity profiles from precipitation
features with minimum 85-GHz PCTs in the 150–160K range shows about a 5-dBZ reflectivity difference
above the freezing level between tropical continental
precipitation features and tropical oceanic and hurricane
precipitation features, but the tropical oceanic and hurricane precipitation features all have very similar reflectivities above about 9 km (Fig. 10a). This similarity
above 9 km reinforces the notion that the 85-GHz channel responds in large part to precipitation ice at high
altitudes (when present). For other ranges of 85-GHz
PCTs indicating less ice scattering, the reflectivity profiles from the tropical oceanic and hurricane categories
coincide with each other above the freezing level, and
the difference between tropical continental and tropical
oceanic reflectivities is less. Comparisons of reflectivity
profiles from precipitation features with similar minimum 37-GHz PCT values also reveal greater reflectivity
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aloft in tropical continental precipitation features (Fig.
11). The closest correspondence between the profiles
occurs below about 6 km, suggesting that the 37-GHz
PCT is most sensitive to rain and the largest graupel (or
hail), which is too heavy to exist much above the freezing level except in rare events.
Among precipitation features with similar 85- and 37GHz PCTs, those features with lightning detected by
LIS tend to have greater reflectivity through the mixed
phase region and a slower decrease of reflectivity with
height above the freezing level (Fig. 14). This is true
for all of the categories of precipitation features studied.
Zipser and Lutz (1994) hypothesize that this is a symptom of strong updrafts capable of lofting large graupel
and supercooled cloud water above the freezing level.
This condition (greater reflectivity through the mixed
phase region and slower decrease of reflectivity with
height above the freezing level) is met far more often
in tropical continental precipitation features than in tropical oceanic and hurricane precipitation features. This
condition is also met more often in hurricane outer rainbands than in other tropical oceanic precipitation features.
The differences in reflectivity profiles for precipitation features with lightning versus those without lightning but with similar brightness temperatures (or for
tropical continental precipitation features versus hurricane and tropical oceanic precipitation features with
similar brightness temperatures) are at least qualitatively
similar to the differences in reflectivity profiles generated by cloud models with varying emphasis on supercooled cloud water (Seo 2000). Seo (2000) plots mean
reflectivity profiles associated with 85-GHz brightness
temperatures of 140–160 K. The reflectivity profiles
from microphysical parameterization schemes producing abundant supercooled cloud water [Tao and Simpson
(1993) and modified Ferrier (1994) in Seo (2000)] are
reminiscent of those from lightning-producing precipitation features or from tropical continental precipitation
features. The reflectivity decreases slowly through the
mixed phase region and the magnitude of the reflectivity
through this region is greater than that from microphysical parameterizations yielding less supercooled
cloud water. This suggests that the microphysical parameterizations yielding more supercooled cloud water
would be more appropriate for modeling tropical continental convective systems and perhaps for modeling
systems such as outer rainbands where lightning is relatively plentiful. Besides impacting the reflectivity profiles, the differences in modeled supercooled cloud water leads to shifts in the magnitude and location of vertical motion and latent heating maxima.
The reflectivity information alone, of course, is not
sufficient to diagnose a precipitation feature’s ability to
produce lightning. Features with quite similar reflectivity profiles are more likely to produce lightning if the
85- and 37-GHz PCT are low than if these brightness
temperatures are comparatively high. Numerous cases
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have been examined in search of other distinguishing
characteristics of the precipitation features with lightning detected by LIS. In particular, it was expected that
the features with (more) lightning may have larger or
more isolated convective cores, or that these precipitation features may have multiple cores of enhanced
reflectivity and ice scattering. None of these emerged
as characteristics consistently found in lightning-producing storms and consistently lacking from storms not
observed to have lightning.
Each of the observables studied here contributes some
independent information about the other observables.
Although a unique reflectivity profile cannot be constructed merely from the brightness temperature and
lightning information, the 85-GHz signature is especially related to upper-level reflectivity and the 37-GHz
signature is especially related to reflectivity near the
freezing level. Lightning adds information about intermediate height levels between these. If our interpretations are accurate, lightning can also be used to distinguish between ambiguous conditions that could be responsible for an 85- or 37-GHz brightness temperature.
When lightning is abundant with a relatively high
brightness temperature, microwave emission by supercooled water is likely masking much of the ice scattering
effect.
c. Conceptual models
Using the results discussed above as constraints, we
construct generalized conceptual models to represent
some of the similarities and subtle differences between
precipitation features speculated upon in this study.
Schematic diagrams representing the microphysical
conditions found in deep ice scattering cores from the
tropical continental regions, tropical oceanic regions,
outer rainband regions, and eyewall regions are constructed in Fig. 16. Temperature is the vertical coordinate in these schematics, as we are interested in the
transition from liquid to ice precipitation. The schematics are patterned after the reflectivity profiles for
precipitation features with minimum 85-GHz PCT between 150 and 160 K in Fig. 10a. The inner rainband
region is omitted because such low brightness temperatures are especially uncommon in the inner rainband
region and when they do occur the precipitation features
bear a resemblance to outer rainband region precipitation features.
The hypothesized tropical continental precipitation
feature contains abundant supercooled liquid water
above the freezing level, coexisting with hail and large
(several mm) graupel. This is a favorable environment
for charge separation, and several lightning flashes per
minute are expected. The large ice particles effectively
scatter much of the microwave radiation upwelling from
the surface and from the rain layer, but they do not
scatter radiation upwelling from supercooled liquid at
the same (or higher) vertical levels. Although the optical
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FIG. 16. Schematic depicting vertical microphysical profiles in the convective cores of precipitation features with
similar brightness temperatures (;150 K at 85 GHz) from tropical continental, tropical oceanic, outer rainband, and
eyewall regions. Dots indicate liquid hydrometeors, and stars indicate frozen hydrometeors with increasing symbol
size representing larger graupel or hail. To avoid clutter, small ice is not shown coexisting with larger ice. The vertical
axis is temperature; otherwise the 08C isotherm would be highest in the eyewall.

depth above the surface is large, the optical depth above
this secondary emission source is smaller. The net result
is a higher brightness temperature than would be expected based on ice scattering alone.
The hypothesized tropical oceanic precipitation feature has a much shallower layer of supercooled water
and large graupel, as suggested by the comparatively
sharp decrease in radar reflectivity above the freezing
level. Some lightning may be expected, perhaps several
flashes per hour, but at a rate lower than the nominal 1
flash min 21 detectable with the LIS data in this study.
The largest graupel are not as large or as plentiful as
in the tropical continental precipitation feature, but a
deep layer of smaller ice (hundreds of mm) effectively
scatters much of the upwelling radiation.
The hypothesized outer rainband region precipitation
feature contains more supercooled water than the general tropical oceanic feature, but less than a tropical
continental storm. The largest graupel extends to greater
heights than in the general tropical oceanic storm, with
reflectivity decreasing more steadily above the freezing
level. As in the tropical continental case, there is a balance between enhanced scattering by the largest graupel
and reemission by the supercooled cloud water. Lightning is likely to occur, with flash rates on the order of
1 min 21 .
The hypothesized eyewall region precipitation feature
is depicted with a larger area than the others. This is
not to say that the precipitation feature itself is larger,
but rather that the hydrometeors associated with a strong
convective core are spread out over a greater horizontal

area because of the extreme horizontal wind speeds. The
convective core spirals around the eyewall and radially
outward instead of simply extending vertically upward.
As in Black and Hallett (1999), supercooled liquid water
is confined to a narrow region on the inward edge of
the eyewall (to the right in Fig. 16). Seeding by ice
particles generated upstream in the azimuthal/radial flow
limits the amount of supercooled liquid available, but
charge separation may occur in the interface between
liquid and graupel. That charge that is separated may
also be dispersed by the strong horizontal winds. Some
lightning may occur, but as in the general tropical oceanic case the flash rates are likely to be less than those
detected by LIS for this study.
5. Summary and conclusions
The probability of lightning detectable by LIS (;1
flash min 21 ) begins to increase as 85-GHz PCT decreases below about 200 K in hurricane outer rainbands
or 170 K in other hurricane or tropical oceanic precipitation features. Lightning is common in tropical continental precipitation features with these brightness temperatures.
Precipitation features with similar cloud-top heights
(as inferred from having similar 20-dBZ echo-top
heights near the tropopause) tend to have shallower high
reflectivity cores in tropical oceanic regions (30 dBZ to
7 km) and deeper high reflectivity cores in tropical continental regions (30 dBZ to 11 km). Hurricane precip-
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itation features have high reflectivity cores extending to
intermediate heights between these two extremes.
Lightning not only occurs more often in hurricane
outer rainbands than in other tropical oceanic precipitation features, it even occurs more often there for a
given radar reflectivity or passive microwave brightness
temperature. That is, when other remote sensing signatures suggest that two precipitation features over the
tropical oceans should be equals, the one in a hurricane
outer rainband is more likely to produce lightning. A
tropical continental precipitation feature would be more
likely than the outer rainband to produce lightning. We
interpret this as a suggestion that enhanced supercooled
liquid cloud water contents are found in some hurricane
outer rainbands (and to a greater extent in tropical continental convection) compared to other tropical oceanic
convection.
Brightness temperatures can result from an infinite
combination of vertical profiles of hydrometeors (and
hence reflectivity). Hurricane and other tropical oceanic
precipitation features with similar 85-GHz brightness
temperatures also tend to have similar reflectivities at
high altitudes. With brightness temperatures near 150
K, reflectivity generally decreases from about 30 dBZ
at 9 km to about 20 dBZ at 14 km. Precipitation features
sharing similar 37-GHz brightness temperatures (in the
range low enough to represent scattering) tend to share
similar reflectivities near the freezing level. This reinforces the understanding that much of the 85-GHz scattering is accomplished by the relatively small (or low
density) ice generated at or transported to high altitudes
while 37-GHz scattering is accomplished by the larger
graupel/hail/rain that falls out before reaching high altitudes.
Precipitation features having a certain brightness temperature and having lightning tend to have greater reflectivity through the mixed phase region than similar
precipitation features that do not have LIS-detected
lightning. Features with a certain reflectivity and lightning tend to have lower brightness temperatures (more
scattering) and a slower decrease of reflectivity with
height than do similar features without lightning. To
predict whether or not a precipitation feature will have
lightning, the reflectivity profiles and brightness temperatures at 85 and 37 GHz all add information to one
another.
Conceptual models have been produced based on the
mix of observations presented here. Basically these
models have more supercooled liquid cloud water in
hurricane outer rainbands than elsewhere over the tropical oceans. This results in noticeably more lightning
occurring in the outer rainbands while other remote
sensing properties are only subtly different from those
observed in other tropical oceanic convection. This is
not to imply that the ‘‘typical’’ outer rainband has abundant supercooled water, but that enhanced supercooled
water and associated electrical activity occurs more of-
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ten in the hurricane outer rainbands than in other tropical
oceanic environments.
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