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ABSTRACT

Polarimetric radar data have been used to produce microphysical classifications. This kind of analysis is
run in a real-time mode from several research radars, including the C-band polarimetric (C-Pol) radar in
Darwin, Australia. However, these classifications have had very little systematic evaluation with indepen-
dent data. Using surface data is often difficult because of sampling issues, particularly for hail. The approach
taken here is to use a combination of 50- and 920-MHz wind profiler estimates of rain and hail to provide
validation data for the radar pixels over the profiler. The profilers also observe signals associated with
lightning, and some comparisons are made between lightning occurrence and the radar measurements of
graupel. The retrievals of hail-rain mixtures are remarkably robust; there are some issues regarding other
microphysical classes, however, including difficulties in detecting melting snow layers in stratiform rain.
These difficulties are largely due to the resampling of the radar volume data onto a grid and to poor

separation of the snow classes.

1. Introduction

A number of groups are using polarimetric radar
measurements to automatically estimate the micro-
physical type of the hydrometeors within a radar vol-
ume (e.g., Straka 1996; Straka et al. 2000; Vivekanan-
dan et al. 1999; Keenan 2003). These applications hold
much promise for both research and operational appli-
cations (e.g., Schuur et al. 2003). The algorithms that
underpin these systems exploit the fact that different
hydrometeor species occupy different parts of the po-
larimetric-variable phase space. However, these phase-
space hypervolumes have significant overlapping areas.
Therefore, fuzzy-logic approaches have been used to
determine the best estimate of the hydrometeor spe-
cies.

These algorithms are now being applied routinely at
several centers, for example, at Colorado State Univer-
sity [University of Chicago-Illinois State Water Survey
(CHILL) radar], the National Center for Atmospheric
Research [S-band polarimetric (S-Pol) radar], the Na-
tional Severe Storms Laboratory [Next-Generation
Weather Radar (NEXRAD) upgrade project radars],
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and the Bureau of Meteorology Research Centre
[BMRC; C-band polarimetric (C-Pol) radar]. These ra-
dars are all 10-cm-wavelength systems except the latter
(C-Pol; Keenan et al. 1998), which has a radar wave-
length of 5.5 cm. These data are being supplied in real
time for field programs and, in the case of C-POL, to
the wider community through the U.S. Department of
Energy Atmospheric Radiation Measurement (ARM)
Program (information is available online at http://
www.arm.gov) as an external dataset associated with
the Darwin, Australia, site. As these data become avail-
able, a significant question concerns their reliability.
Testing the separation between snow and rain is rela-
tively straightforward in the United States, and good
success has been found (e.g., Schuur et al. 2003). How-
ever, hail and graupel are much harder to verify.
Ground surveys of large hail are notoriously difficult
and most efforts at verifying the polarimetric retrievals
have effectively concluded that “the retrievals look rea-
sonable.” There are occasionally fortuitous observa-
tions that lend support to the retrievals. Figure 1 shows
an RHI cross section through a very deep, intense thun-
derstorm over the Tiwi Islands, north of Darwin. The
top panel shows the reflectivity. Note that there is a
distinct flare echo extending behind the storm radially
from an altitude of 4-5 km. Such flare echoes arise from
multiple scattering of the radio waves and are an indi-
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F1G. 1. RHI cross section of a thunderstorm over the Tiwi Islands north of Darwin. Note the
flare echo extending behind the cell coinciding with the detection of a rain—hail mixture. The

line labeled FZL is the freezing level.

cator of large, wet hail (Wilson and Reum 1988). The
lower panel shows the corresponding microphysical
classification, and an extensive rain—hail mixture region
is seen in front of the flare. Such observations are con-
sistent but cannot be relied on for more systematic
analysis because they are fairly rare.

There has been substantial work over the past few
years using wind profiler and polarimetric radar data
that has demonstrated that significant hail is often
present in tropical convective showers (May et al. 2001,
2002). Although hail at the surface is rare in the Trop-
ics, the profilers at Darwin can be used to identify hail
aloft. Furthermore, convection in Darwin is so frequent
that a reasonable number of cases are easily collected,
even though the use of profiler data means we are lim-
ited to verifying the data in a single column.

This paper will seek to verify the accuracy and limi-
tations associated with the C-Pol retrievals in Darwin
using profiler data and will examine the robustness of
the fuzzy-logic retrievals themselves. The profiler com-
parisons will focus on hail detection, and some insights
into storm dynamics and the interpretation of profiler
spectra will be discussed. The latter part of this work will
utilize the regular RHI scans that are performed along
a cross section over the wind profiler site to look at
melting snow signatures and limitations of the approach
being used for the classifications in stratiform rain.

The observing network in Darwin has recently been
upgraded with the addition of an ARM Program suite
of instrumentation. The total observing system is prob-
ably the most complete in the Tropics. In particular, the
BMRC C-Pol radar (Keenan et al. 1998) is located ap-
proximately 23 km from the two wind profilers—one
operating at 50 MHz and the other at 920 MHz (Fig. 2).
These systems operate routinely, and data from them
are available through the ARM external data archive.
Two sets of C-Pol data are available from the ARM
archive. These are Cartesian grids of reflectivity and
microphysical classification of the detected hydromete-
ors. These classifications look reasonable, but until now
are essentially unverified. This paper examines some
examples of these data and uses the profiler data to
provide some ground truth for the microphysical clas-
sifications of the radar.

2. C-Pol radar and hydrometeor classification

The C-Pol radar runs a “volume scan” once every 10
min. These scans consist of a series of plan position
indicator (PPI) sweeps at a sequence of increasing el-
evations. Data are sampled every 300 m out to a range
of 150 km. This sampling pattern builds up a three-
dimensional picture of cloud systems. Note that at 150
km the minimum detectable signal with the radar is
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Fi1G. 2. Map of the Darwin area showing the locations of the
C-Pol radar and the wind profilers.

about 0 dBZ, and so the radar does see substantial
amounts of nonprecipitating cloud, although clearly
much less than cloud radars. The volume scan data are
then interpolated onto a Cartesian grid with a horizon-
tal resolution of 2.5 km and a vertical resolution of 500
m, and a fuzzy-logic-based hydrometeor classification is
performed. This horizontal resolution may seem coarse,
but given that the data are collected over a 10-min vol-
ume, the spatial sampling is fairly consistent with the
expected movement of a cell during the 10-min data
acquisition. It is also consistent with some averaging in
range for the Kp estimates and averaging of the Zpgs
(both of these quantities are described below) to reduce
their relative error and to improve the reliability of the
observations (e.g., Illingworth 2003). An RHI scan is
then performed at an azimuth pointing over the wind
profiler site to provide high-vertical-resolution data.
The polarimetric radar alternates between horizontal
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and vertical polarization on a pulse-to-pulse basis.
Thus, in addition to reflectivity, there are a number of
additional parameters available. These parameters in-
clude the difference in reflectivity between the signals
at the two polarizations [represented as the ratio Z,,/Z,,
(ZpRr)), the correlation between the signals at the two
polarizations [pyy(0)], and the rate of change of the
differential phase on propagation (Kpp). The Zpg is a
measure of the mean oblateness of the hydrometeors.
For example, large drops are oblate and produce large
values of Zpi (>3 dB), whereas snow and large hail
tumble and have no preferred orientation so that the
Zpr is typically near 0 dB. The pyy(0) is near 1 for
most rain but becomes substantially lower if the drops
are very large (Mie scatter effects become important)
or if there is mixed-phase precipitation. The K,p can be
understood by considering that the two polarizations
essentially see different water paths because of the ob-
lateness of raindrops and therefore one polarization is
retarded relative to the other (because the refractive
index is >1). In general, different hydrometeors occupy
different parts of the four-dimensional phase space so
that estimates of hydrometeor type can be obtained
from the radar. The hydrometeor species are given in
Table 1. They are not completely unambiguous, and a
fuzzy-logic approach is used to combine the polarimet-
ric estimators. An environmental temperature profile is
also used, with the freezing level being the key param-
eter. This approach is described in detail by Straka et al.
(2000) and Keenan (2003).

Following the above general principles, the classifi-
cation procedure is based on the use of fuzzy-logic
membership functions, with a four-step process em-
ployed to define hydrometeor species (j = 1-10). The
fours steps are described in the following paragraph.

In step 1, the probability P]»T of each hydrometeor
species being present is derived based on the environ-
mental temperature of the radar sample volume:

TABLE 1. Ranges of polarimetric variables and temperature for various hydrometeor species.

Species Z, (dBZ) Zpr (dB) puv(0) Kpp (°km™) Temperature (°C)
Drizzle 10-25 0.2-0.7 >0.97 0-0.06 >—10
Rain 25-60 0.5-4 >0.95 0-20 >-10
Snow (dry, low density: DLD) —10to 35 —0.51t0 0.5 >0.95 —-1tol <0
Snow* (dry, high density: DHD) —10to 35 0.0-1 >0.95 0-0.4 <0
Snow (wet, melting) 20-45 0.5-3 0.5-0.9 0-1 0-5
Graupel, dry (D) 20-35 -05to1 >0.95 0-1 <0
Graupel, wet (W) 30-50 -0.5t02 >0.95 0-3 —15to 20
Hail, small <2 cm wet (SW) 50-60 -0.5t0 0.5 0.92-0.95 —1tol —15t0 20
Hail, large >2 cm wet (LW) 55-65 —-1t0 0.5 0.90-0.92 —1to2 —151t0 20
Rain and hail (R/H) 45-80 —-1to6 >0.9 0-20 —10 to 25

* Rimed and aggregated snow.
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T _ lower upper
P; = P(T;"", T; PPEr T, (1)

where P]-(T}"W”, T7PP°", T) is the temperature member-
ship function [a Gaussian bell function with 5% per-
centile tails is employed (Keenan 2003)], 7 is the tem-
perature of the sample volume, and T }-°Wer and T}PPer
represent temperature bounds from Table 1 that are
considered to be consistent with the physical existence
of the various hydrometeor species. In step 2, the prob-
ability P]R of each species is deduced based on the po-
larimetric variables R, [where k = 1, 4 correspond to
Z, Zor, Kpp, and pyy(0)], using the ranges provided
in Table 1:

PR =" W, PRIV, RIPP R/ D, Wy, (2)
k k

where W, is a weighting function for each polarimetric
variable (all equal to 1 in this case). In step 3, the above
two probabilities are then combined to estimate P;, the
aggregated or total probability of each species:

P;= P/ + P} 3)

In step 4, if the maximum P; meets the following crite-
rion:

|max(P,) — P| = 1.750,, (4)

where o is the standard deviation of the hydrometeor
class probabilities, then class j is assigned. Hence miss-
ing classification values are evident in low-confidence
situations.

A Gaussian bell function structured with 5% percen-
tile tails is employed for assigning class membership
probabilities. The choice of the Gaussian bell classifi-
cation function was somewhat arbitrary. It is interesting
to consider how strongly these classifications are de-
fined. Figure 3 shows histograms of the “second choice”
species from the algorithms, given an estimate of rain,
snow, graupel, or hail. In nearly all of the rain cases,
hail is the second choice and vice versa. For snow, the
second choice is generally the other snow type, which is
an indication of the lack of separation in the detection
phase space of the two types, or dry graupel. A similar
result is seen for graupel, with the second choice being
another graupel type or snow.

The fuzzy-logic process produces an estimate of
weight for each of the microphysical classification
types, and the strongest is selected. The ratio of the
weights of the second most likely to the most likely is
often very large, ~0.8 (if it were 1 there would be no
difference; if it were 0 then we can be very confident in
the classification). Plots of time-height cross sections of
the ratio of weights and histograms of the weights (not
shown) indicate that even where rain is not detected in
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the region below the freezing level, it is still a strong
possibility. When rain is the most likely hydrometeor
type, it is often, but not always, strongly selected. Like-
wise, snow tends to have a high probability above the
freezing level even if it was not the most likely candi-
date. Given this observation, it is somewhat surprising
that the classifications themselves are not more noisy.
In fact, they seem to be internally robust despite the
often high second weights (ratios >0.9). The fuzzy-logic
classification procedure is undertaken either on a gate-
by-gate basis in radial radar space (for RHI scans) or on
a Cartesian grid (for volume scans).

An example of the radar data and the microphysical
classification is shown in Fig. 1. This figure nicely shows
the presence of mixed phase (mainly wet graupel and
rain-hail mixtures) in the high-reflectivity areas of a
thunderstorm over the Tiwi Islands, north of Darwin.
This picture is consistent with the very strong updrafts
in these storms lofting supercooled water and with their
high level of electrical activity as hail and graupel are
formed (e.g., Simpson et al. 1993).

In general the microphysical classifications of the ra-
dar seem very reasonable (Straka et al. 2000; Vive-
kanandan et al. 1999; Keenan 2003). However, they
have not been independently verified. The remainder
of this paper concerns using profilers to verify the po-
larimetric classification and to point out some problem
areas.

3. Profiler studies of precipitation

Wind profilers have been used for the study of pre-
cipitation for more than a decade. The ability of the
profilers simultaneously to observe spectral peaks as-
sociated with the clear-air vertical motion and peaks
associated with hydrometeors has allowed the estima-
tion of raindrop size distributions (e.g., Wakasugi et al.
1986), snow size distributions (Rajopadhyaya et al.
1994), and studies of the radar bright band (Drummond
et al. 1996). May et al. (2001, 2002) used a combination
of wind profiler and C-Pol data to examine several
storms in which there was significant production of hail
and graupel. In particular, the combination of 50- and
920-MHz profilers was used to sense directly the par-
ticles with fall speeds greater than the asymptotic limit
for raindrops. The 50-MHz Doppler spectra are usually
dominated by the clear-air echo peaks that are always
seen, whereas the 920-MHz Doppler spectrum is domi-
nated by returns from precipitation. A particularly
clear example in which there is a rain—hail mixture is
shown in Fig. 4. The 50-MHz spectrum shows an up-
draft of about 5 ms™", but the spectral peak from pre-
cipitation is not visible on a linear scale. Here, the 920-
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FIG. 3. Histograms of the second-choice microphysical classification for when the first choice is (top left) rain,
(top right) some type of hail or rain-hail mixture, (bottom left) some type of snow, and (bottom right) some type

of graupel.

MHz Doppler spectrum clearly has a distinct double-
peaked structure associated with precipitation. One
peak corresponds to fall speeds of about 8 m s~!, which
is typical of rain because the D°® dependence of the
radar cross section of individual drops weights the spec-
tra to large raindrops with a large terminal fall speed.
The second peak, at fall speeds of about 13 ms™', is
only explained by the presence of 1-2-cm-sized hail.
Note that the particles associated with the hail peak are
~10 times the diameter of those in the rain peak. These
peaks have a similar amplitude, and so there are ~10°
times as many drops in the rain peak as hail particles
and 1000 times the water volume in the rain peak. This
result illustrates the ability of the profiler to differenti-

ate even small concentrations of wet hail. Most cases
are not this clear, but both rain and hail size can be
measured from the profiler data (May et al. 2002).

Remember also that the profiler vertical velocity
spectra observations are taken over a period of 45 s out
of a 1-min cycle, and so there may be considerable
variability of the vertical motion during the data acqui-
sition. The importance of this condition will be made
clear in section 5.

One of the key tests of the C-POL classification will
be the delineation of areas of mixed-phase precipita-
tion—in particular, wet graupel and rain-hail mixtures.
This condition is manifested in the profiler data as areas
where there are significant signals in the profiler Dopp-
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F1G. 4. Doppler spectra collected with the 50-Mhz profiler
(solid) and 920-MHz profiler (dotted) at Darwin. The spectral
amplitudes are arbitrarily scaled and are on a linear scale. The
asymptotic limit for rain fall speeds relative to the mean air mo-
tion (w ~ 5 ms ') seen by the 50-MHz profiler is also included.
The high fall speed peak corresponds to hail; the other is rain
(after May et al. 2001).

ler spectra corresponding to particle fall speeds that are
greater than the asymptotic fall speed for rain (~9.8/p"*
ms~', where p is the air density). This spectral infor-
mation allows both the detection of hail larger than
about 1 cm and some size information. Note that the
unambiguous detection of graupel and small hail with
profiler data alone is not possible because the fall
speeds are similar to that of rain.

Thus, the details of the profiler Doppler spectra and
the retrievals of microphysical characteristics can
clearly be used to validate the C-Pol estimates.

4. Datasets

Data from several storms passing over the profiler
have been examined for hail. These storms include
cases of isolated single-cell storms, continental squall
lines, and monsoonal storm complexes. This choice en-
sures that a range of storm intensities (as defined by
maximum vertical velocities) and different degrees of
organization have been sampled. These cases include
samples in which hail was not detected in the profiler
data or only weak hail signatures were present, as well
as clear hail cases. Several of the cases also had distinct
trailing stratiform regions, and data collected from
these regions were used to provide information for pure
rain situations and to examine the difficulties of the
grid-based retrievals for retrieving thin layers of melt-

JOURNAL OF APPLIED METEOROLOGY

VOLUME 44

ing snow. High-vertical-resolution data from RHI scans
were used for this purpose.

5. Evaluation 1: A case study

Figure 5 shows an example of a time-height cross
section of the profiler reflectivity, vertical motion, and
reflectivity-weighted fall speed relative to the air (i.e.,
the vertical motion measured with the 50-MHz profiler
has been subtracted from the fall speed measured with
the 920-MHz profiler) through a squall line. This ex-
ample shows a strong updraft on the periphery of the
main precipitation core. However, this updraft is within
the cloud, as demonstrated by a weak increase in the
920-MHz reflectivity (not shown). The maximum up-
drafts exceed 10 ms™!, and it is reasonable to expect
that supercooled drops are being lofted and that signifi-
cant riming and potential hail production is occurring.
This expectation is corroborated by the large reflectiv-
ity-weighted fall speeds seen in the downdraft in the
high-precipitation area. The reflectivity-weighted fall
speeds exceeded 10 m s~ !, which is a strong indicator
that hail is present.

One intriguing feature is the apparent upward-
moving precipitation next to the top of the main up-
draft. This feature is often seen near the top of the
leading edge of convection in profiler fall speed data.
Detailed examination of the radar Doppler spectra
shows that there are two peaks in the 50-MHz spectrum
at these altitudes. The lower-speed one is a downdraft
and is the larger, but there is also a secondary upward
peak to which the 920-MHz spectral peak corresponds.
What appears to be happening is that there is some
overturning during the 45-s data acquisition. This over-
turning is also indicated in the reflectivity structure with
the filamentary reflectivity structure overlaying the
“upward” rain. The interpretation of this observation is
that the upward peak, which was probably present for
only part of the 45-s record, was lofting rain and ice
aloft. These particles were presumably small ones with
low fall speeds so that both the 50- and 920-MHz pro-
filers see upward motion for part of the record. How-
ever, for most of the record there was a downdraft
present, as indicated by the stronger 50-MHz peak. If
there was precipitation in the downdraft, it probably
evaporated, perhaps intensifying the downdraft. In any
case, there were no detectable echoes for the 920-MHz
profiler during this part of the 45-s record. Thus, the
profiler apparently sees upward-moving precipitation
because the mean motion (weighted by the 50-MHz
clear-air reflectivity) was downward while the precipi-
tation echo was in the updraft portion of the record.
There is also an interesting “step” in the height of the
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FiG. 5. Time-height cross sections of (top) the reflectivity measured with the 920-MHz
profiler between 1000 and 1230 UTC 4 Nov 2001, (middle) mean vertical motion measured
with the 50-MHz profiler with an overlaid contour of zero vertical motion, and (bottom) the
reflectivity-weighted precipitation fall speed estimated by the difference between the Doppler
velocity measured with the 920-MHz profiler and the vertical motion subtracted. The contours
of the lower panel are at fall speeds of —2 and —10 m s~ '. The line labeled FZL is the freezing
level estimated from the Darwin radiosonde ascents. Two lines are drawn because of the
apparent cooling and lowering of the freezing level evident in the radar data. Soundings before

and after the ascent are used.

bright band at about 1150 UTC, which is reflected in
the height of the freezing level in soundings taken be-
fore and after the storm.

Figure 6 shows the corresponding time-height cross
section of the C-Pol gridded reflectivity and micro-
physical classification data over the profiler site. This
cross section has 10-min time resolution and so is, of
course, much blockier than the profiler time series. The
time-height cross section of the C-Pol data above the
profiler is broadly consistent with the profiler data in
the convective, transition, and stratiform regions of the
squall line. There is a substantial region of active con-
vection where the microphysical classification is wet
graupel and rain-hail mixtures, and this region corre-
sponds very closely to the profiler regions of large ver-
tical velocities and high fall speed. The step from rain—
hail mixtures to wet graupel, to dry graupel, and then to
snow with height is consistent with the lofting of super-
cooled water and hydrometeor fall speed sorting, al-
though there is some dry snow extending below the

graupel that is doubtful. In general, the areas of snow
and rain throughout the cross section appear to be con-
sistent with conceptual models of such systems.

The C-Pol classifications are far from perfect, how-
ever. This fact is most in evidence in the stratiform part
of the squall line (1030-1200 UTC). There is a substan-
tial area in which there is a wet graupel classification
above the melting level. This area is in the region in
which the temperature is between —10° and 0°C and in
which aggregation of the snow crystals is likely to be
occurring. Although this identification is a misclassifi-
cation, it does point to the fact that microphysical data
are useful in identifying significant physical processes in
the precipitation. It will be shown that this result is at
least partly induced by a lack of spatial resolution in the
data, however.

Another problem area is the lack of a melting-snow
layer in the stratiform region. The only pixels for which
this occurs are in the small region where the gridded
reflectivity shows a distinct brightband signature. The
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F1G. 6. Time-height cross section of (top) the C-Pol measurements of reflectivity on the grid point closest to the
wind profiler location between 1000 and 1230 UTC 4 Nov 2001 and (bottom) the corresponding microphysical
classification. These data are on 2.5 km X 2.5 km grids with a vertical sampling of 500 m. The actual beam heights
that were used in creating these data are marked by the horizontal lines on the left of the top panel. Contours of
reflectivity are overlaid on this figure. The line labeled FZL is the freezing level as in Fig. 5.

bright band is obviously much clearer in the profiler
data, but the interpolation procedure used for the C-
Pol data washes out this signature. This effect has been
further examined by an examination of RHI data. The
C-Pol radar performs an RHI scan directed over the
profiler site at the end of every volume scan. The clas-
sifications for the RHI are done on a raw pixel level,
and it is seen in Fig. 7 that the bright band is resolved
well and that a narrow layer of melting snow comes up
in the classification. Conversely, the aggregation signa-
ture of anomalous wet graupel noted in the previous
paragraph is partially lost. An active convective ele-
ment with a rain-hail mixture as well as a large area of
wet graupel around the cell core is also evident. Thus,
the melting-snow classifications where there is very
good horizontal and vertical resolution appear to be
fairly robust. To test whether the problem was associ-
ated with the grid resolution, the original radar volume
data were resampled onto 0.5-, 1-, 1.5-, and 2-km hori-
zontal resolution grids, and the classifications were re-
done. The problems that were seen in the original grids
remain, however, although the sampling did produce
changes in the detailed reflectivity and classification
structure. Thus, the prime problem is in the limited
spatial sampling in elevation inherent in volume data.

Another feature in the classification cross section is

the noisiness of the region with high- and low-density
snow and dry graupel above the wet graupel in Fig. 6. It
is an indication that the different hydrometeor classifi-
cations are not separated well in their phase space and
that the classifications of these types are uncertain. This
problem is also made worse by the poor resolution and
smearing inherent in the gridding of the data, because
there appears to be much less noise in the snow/dry
graupel classifications in the RHI data (Fig. 7). How-
ever, in this case almost no high-density snow is seen,
even around the graupel areas. One recommendation
arising from this result is to combine the high- and low-
density snow classifications into a single snow classifi-
cation.

6. Lightning echoes as validation data

Lightning may also provide an indirect confirmation
of mixed-phase and graupel production in the area.
Lightning echoes are seen in the profiler data. These
echoes are visible as spots of very high reflectivity and
spectral width and anomalous (meaningless) apparent
vertical motions. They are most clearly seen in the 50-
MHz data but are also visible as small bright spots in
the 920-MHz reflectivity at altitudes of approximately
7-8 km just after the main peak of precipitation. These
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FiG. 7. RHI scan at 1119 UTC 4 Nov 2001 showing the (top) reflectivity and (bottom)
classification. This figure shows an active convective element with a rain-hail mixture, as well
as a large area of wet graupel around the cell core. Of particular interest here is the narrow
layer of melting snow that is resolved in the stratiform region farther from the radar. Contours
of radar reflectivity are overlaid on these panels. The line labeled FZL is the freezing level.

spots are not the radar seeing the direct radio emission
from the lightning, because that would appear at ran-
dom height, but rather are radar reflections off the ion-
ization trail of the lightning as it is advected through the
radar beam. There is also the possibility that they are
being detected through sidelobes, but this possibility is
argued against by their height distribution, with the
most common detections just above the freezing level
and near storm top, and by the fact that the echoes
appear in both of the profilers at the same height (the
profilers have very different sidelobes). These lightning
echoes typically have very large spectral widths (cover-
ing the entire Nyquist interval so that the full width is
unknown) and very high power at 50 MHz, completely
masking the clear-air and precipitation spectral peaks.
Such lightning echoes have been recorded in the litera-
ture (e.g., Larsen and Rottger 1987) and were discussed
in detail by Atlas and Williams (2003). Atlas and Wil-
liams discussed the frequency dependence; they saw
the lightning echoes with a 915-MHz profiler, but not
with a 10-GHz profiler. These results illustrate that this
observation can be extended to very intense echoes at
50 MHz.

Another example of the link between the profiler-
detected lightning and the microphysical structure of a
storm is shown in Fig. 8. It shows very nicely the oc-

currence of the lightning behind the initial updraft, in-
dicating the need for some time to develop a charged
mixed-phase region. It also shows the concentration of
lightning detections in the layer just above the freezing
level (~4.9 km) and near the storm top. The upper
layer descends with the storm echo top.

These data are consistent with charging models of
lightning production, with charge separation occurring
where there is a mixture of graupel and ice crystals
between 0° and —20°C (leading to large gradients in
charge) and near the storm top, and with analyses that
combine lightning detection and radar data (Williams
1989). The spatial/temporal structure is consistent with
the analyses of Carey et al. (2005). Furthermore, they
give credence to the classification of rain—hail mixtures
and wet graupel in the region of the lightning occur-
rence. These signatures are much weaker in oceanic
convection (to be discussed next) when there is little
lightning activity (Williams et al. 1992).

7. Systematic evaluation of the classifications

The previous sections have discussed some case stud-
ies illustrating the qualitative consistency between the
profiler observations and the polarimetric classifica-
tions. To put it onto a more quantitative basis, the pro-
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Fi1G. 8. Another time-height cross section of the reflectivity and classifications for 0500-1000
UTC 10 Dec 2002. In this case, however, the locations of lightning echoes in the profiler data
have been overlaid (vertical lines) along with contours of reflectivity as before. The heavier
lines mark the times and heights for which lightning echoes are evident in the 920-MHz data
as well as in the 50-MHz data. This case was very electrically active, although the most intense
convection missed the profiler. An extensive region of wet graupel is visible prior to and in the
electrically active period, however. The line labeled FZL is the freezing level.

filer data were sorted into time—height cross sections of
the reflectivity from the rain and hail components sepa-
rately and then were mapped onto the polarimetric
sampling. That is, a profiler hail detection was flagged if
significant “hail” was seen at a given height range dur-
ing the first 6 min of the 10-min volume scan. This
approach was to allow for the scanning time and the
spatial averaging inherent in the volume estimate. This
procedure was performed and columns of detections
were compared for six cases that totaled more than 10
h of precipitation over the profiler. Two of these cases
were from monsoonal convection where the vertical
motions were expected to be much weaker, although
one (17 February 2003) had a clear hail signature in
both datasets. This choice was to provide a test for the
nonoccurrence of the hail signatures in convection with
high rainfall rates but weak vertical motions and little
hail expected to develop. In these monsoon cases, little
or no hail signatures were seen in either dataset.

An event was classed as a detection if there was a hail
signature present in the column for a given 10-min in-
terval within the six time series. The results are sum-
marized in Table 2. There were eight hits, two misses,
and two false alarms in over 10 h of data for which

precipitation was over the profiler. Of the two misses,
one sample only had hail in the small part of the 10-min
cycle, and this part was adjacent to a clear hit. The
second miss had only a weak signature in the profiler
data with relatively low reflectivity. This sample may be
a false detection by the profiler. Of the false alarms,
one was only a single pixel in a relatively low reflectiv-
ity time-height cross section and so is likely a classifi-
cation error, and the other was adjacent to a very strong
detection. Although tagged as a false alarm, it is very
likely that there was hail present in the 2.5 km X 2.5 km
volume and the false alarm is a product of the spatial
sampling of the C-Pol data.

8. Conclusions

Some cases of convective storms have been examined
using the combination of the wind profiler and polari-
metric radar data. Of these cases, several highlight the
large overturning and entrainment at the top of the
leading edge of convection in the profiler data, includ-
ing the case examined in detail in this paper. The pro-
filer data are clearly useful in verifying the C-Pol mi-
crophysical classifications. Furthermore, the classifica-
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TABLE 2. Summary of hail detections over 6 cases.
Time of C-Pol Time of profiler
Date detection (UTC) Comment detection (UTC) Comment
4 Nov 2001 1030 1030
1040 False alarm because of spatial averaging?
17 Nov 2001 0930 Leading edge midway through 10 min.
0940 0940
10 Feb 2002 0550 0550
0600 Low Z, scattered in height.
5 Feb 2003 0450 0450
0500 Weak, scattered in height. 0500 Weak, scattered in height.
16 Feb 2003 1250 Single pixel.
17 Feb 2003 1750 1750
1800 1800
1810 1810

tions of rain-hail mixtures themselves are remarkably
robust. The number of false alarms and missed detec-
tions was very low considering the limited data avail-
able, the fact that gridded data were used, and the lim-
ited separation in the measurement phase space of dif-
ferent hydrometeor combinations.

One area of concern in the basic method is the at-
tempt to define too many closely separated classifica-
tions. This problem is seen clearly in Figs. 6 and 7.
These figures indicate that the high- and low-density
snow classifications should be combined into a single
snow classification.

Performing classifications on the gridded data is not
ideal. This fact is particularly evident in stratiform rain
with a bright band where the radar signatures are
smeared in the gridding process. It results in two prob-
lems. One is an apparent layer of wet graupel above the
melting level that is probably erroneous. It may be re-
lated to aggregation of the ice crystals but is more likely
a weakness in the classification because a similar signa-
ture does not appear in the RHI data. The other prob-
lem is the lack of detection of melting snow. These
problems may be alleviated by applying the classifica-
tion to the raw data and then gridding the classifications
or by using the full three- or four-dimensional informa-
tion available to refine and edit the classification fields.
The former faces some problems on how to perform the
interpolation of the classifications onto a grid.

The C-Pol dataset will be very useful in placing the
ARM cloud data in context with respect to the cloud
origin and the characteristics of the parent convection.
These gridded data are being made available as an ex-
ternal dataset to the ARM community, as are the pro-
filer data (available online at the time of writing at
http://www.arm.gov).
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