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Abstr act

Polarimetric radar data has been used to produce microphysica classfications. This type
of anadyds is run in an “operationd” mode from severd research radars including the G
Pol radar in Darwin. However, these classfications have had very little verificaion. The
approach taken here is to use a combination of 50 MHz and 920 MHz wind profiler data
to provide verification data for the radar pixes over the profiler. The retrievads of
hal/ran mixtures is remarkably robudt, however there are some issues regarding other
microphyscd cdasses.  This includes difficulties in detecting mdting snow layers in

dratiform rain that is largely due to the re-sampling of the radar volume data onto a grid.



1. Introduction

A number of groups ae presently usng polaimetric radar measurements to
automdticdly esimate the microphysica type of the hydrometeors within a radar volume
(e.g. Vivekananandan et a, 2000; Straka et d, 2000; Keenan 2003). These applications
hold a great ded of promise for both research and operationd applications (eg Shurr et
d, 2003). The dgorithms that underpin these systems exploit the fact tha different
hydrometeor species occupy different parts of the polarimetric variable phase space.
However, these hyper-volumes have sgnificant overlgoping arees.  Therefore, fuzzy-
logic approaches have been used to determine the best edtimate of the hydrometeor

Species.

These dgorithms are now being applied routindy a severd centres, eg. a Colorado
State University (CHILL radar), NCAR (S-Pol radar), NSSL (Nexrad upgrade project
radars) and BMRC (C-Pol radar). These radars are al 10 cm wavelength systems except
the latter (C-Pol, Keenan et a, 1998) which has a radar wavelength of 55 cm.  These
data ae being supplied in red time for fiedd programs and, in the case of GPOL, to the
wider community through the US DOE ARM progran (www.arm.gov) as an externd
data set associated with the Darwin ste.  As these data become available, a sgnificant
question concerns their rdiability. Tesing the separation between snow and ran is
relaively sraght-forward in the USA and good success has been found (e.g. Schurr et d,
2003). However, hal and graupel are much harder to verify. Ground surveys of large

hal are notorioudy difficult and mog efforts at verifying the polarimetric retrievds have



effectivdly concluded that “the retrievds look reasonable’.  There are occasiondly
fortuitous observations that lend support to the retrievals. Fig. 1 shows a RHI cross-
section through a very deep, intense thundersorm over the Tiwi Idands north of Dawin.
The top pand shows the reflectivity. Note that there is a didinct flare echo extending
behind the storm radidly from an dtitude of 4-5 km.  Such flare echoes arise from
multiple scattering of the radio waves and are an indicator of large, wet hal (Wilson and
Reum, 1988). The lower pane shows the corresponding microphysical classfication and
an extengve ran/hal mixture region is seen in front of the flare. Such observations are

consstent, but cannot be relied on for more systematic andysis as they arefairly rare.

There has been subgantid work over the past few years usng wind profiler and
polarimetric radar data that have demondraied that Sgnificant hal is often present in
tropical convective showers (May et d, 2001, 2002). Although hall at the surface is rare
in the tropics, the profilers & Dawin can be used to identify hail aoft. Furthermore,
convection in Dawin is 0 frequent, that a reasonable number of cases are essly
collected even though the use of profiler data means we are limited to verifying the data

in asngle column.

This paper will seek to verify the accuracy and limitations associated with the C-Pol
retrievds in Dawin usng profiler data as well as examining the robustiness of the fuzzy
logic retrievds themsdves.  The profiler comparisons will focus on hail detection and
some indghts into storm dynamics and the interpretation of profiler spectra will be

discussed.  The later pat of this work will utilise the regular RHI scans that are



peformed adong a cross-section over the wind profiler dte to look a meting snow
ggnaures and limitations of the approach being utilised for the dasdfications in

dratiform rain.

The obsarving network in Darwin has recently been upgraded with the addition of an
ARM (Atmospheric Radiaion Measurement) program suite of instrumentation. The
totd observing system is probably the most complete in the tropics. In particular the
BMRC C-Pol (C-band Polarimetric) radar (Keenan et d, 1998) is located approximately
23 km from the 2 wind profilers, one operating at 50 MHz and the other a 920 MHz,.
These sysems operate routiney and data from them is avalable through the ARM
externd data archivee Two sets of C-Pol data are avalable from the ARM archive.
These ae Catesan grids of reflectivity and microphyscd classfication of the detected
hydrometeors. These classfications look “reasonable’, but until now are essentidly un-
verified. This paper examines some examples of these data and uses the profiler data to

provide some ground truth for the microphysical classfications of the radar.

2. C-Pol radar and hydrometeor classification

The C-Pol radar runs a “volume scan” once very 10 minutes. These scans consst of a
series of conica sweeps & a sequence of increasing eevations. Data is sampled every
300 m out to a range of 150 km. This builds up a three dimensond picture of cloud
sysems. Note that a 150 km the minimum detectable signd with the radar is about O

dBZ, s0 the radar does see substantid amounts of non-precipitating cloud dthough



clearly much less than cloud radars. The volume scan data is then interpolated onto a
Cartesan grid with a horizonta resolution of 3 km and a verticad resolution of 500m and
a “fuzzy dassfication” peformed. This may seem like a coarse horizontd resolution,
but given the data are collected over a 10 minute volume, the spatid sampling is farly
conggent with the expected movement of a cdl during the 10 minute data acquidtion.
An RHI stan is then peformed & an azimuth pointing over the wind profiler dte to

provide high vertical resolution data.

The polarimetric radar adternates between horizontd and vertical polarization on a pulse
to pulse bass Thus in addition to reflectivity, there are a number of additiond
parameters available. These incdlude the difference in reflectivity between the dgnds a
the two polarization which is represented as the ratio Zy/Zy (Zpr), the correlation
between the signds a the two polarizations, the Dny (0), and the rate of change of the
differential phase on propagation, the Kpp. The Zr is a measure of the mean oblateness
of the hydrometeors. For example large drops are oblate and produce large values of Zor
(> 3 dB) whereas show and large hail tumbles and have no preferred orientation so that
the Zpr  is typicdly ner O dB. The Dpy (0) is near 1 for most rain, but drops
subgtantidly if the drops are very large (Mie scatter effects become important) or if there
is mixed phase precipitation. The Kpp can be understood by considering that the two
polarizations essentidly see different water paths because of the oblateness of rain drops
and therefore one polarisation is retarded relative to the other (as the refractive index is >
1). In generd different hydrometeors occupy different parts of the 4 dimensond phase

gpace 0 that edtimates of hydrometeor type can be obtained from the radar The



hydrometeor species are given in Table 1.  These are not completely un-ambiguous and a
fuzzy logic approach is used to combine the polarimetric estimators. Some
environmentd information is dso used. This gpproach is described in detail by Straka et

al (2000) and Keenan (2003).

Following the above generd principles, the classfication procedure is based on
the use of fuzzy logic membership functions with afour step process employed to define

hydrometeor species (j=1-10). The fours steps are-

1. The probability (PT,- ) of each hydrometeor species being present is derived based

on the environmental temperature of the radar sample volume,
T lower upper
P =R T7.T) (6)

where P,(T;'™", T,“PP* T is the temperature member ship function, T is the temperature of
the sample volume, and T;'®**" and T;“"*" represent temperature bounds from Table 1

considered consistent with the physical existence of the various hydrometeor species.
2. The probability (PR,- ) of each speciesis deduced based on the polarimetric

variables R, ( where k=1, 4 corresponds to Zpyn, Zpr, Kpp and bu(0))using the

ranges provided in Table 1

P'=8 WP (R™™ . R™.R)/Q W, (7)
k k



where W is a weighting function for each polarimetric variable (all equal to onein this

case).

3. The above two probabilities are then combined to estimate P; the aggregated or

total probability of each species,

P = PJ.T + I:)jR (8)

J

4. If the maximum P; meets the following criterion
- pls
Imax(P)- P|2 1.75s ©9)

where Fp is the standard deviation of the hydrometeor class probabilities, classj is

assigned. Hence missing classification values are evident in low confidence situations.

A Gaussan Bell function structured with 5% percentile tails is employed for
assigning class membership probabilities. The choice of the Gaussan Bell classfication
function was somewhat arbitrary. It isinteresting to consider how strongly these
classfications are defined. The fuzzy process produces an estimate of weight for each of
the microphysica dlassfication types and the strongest is selected.  Theratio of the
weights of the second most likely to the most likely is often quite large, ~ 0.8 (if it was 1

there would be no difference, if it was O then we can be very confident in the



classfication). Plots of time height cross-sections of the ratio of weights (not shown)
indicate that even whererain is not detected in the region below the freezing levd, it is
dill agrong possbility. Whenrain isthe mog likely, it is often, but not dways,
srongly sdected. Likewise, snow tends to have alarge weight above the freezing level
even if it was not the most likely candidate.  Given this observetion, it is somewhat
surprising that the classifications themsdlves are not more noisy. In fact they seem
internaly robust despite the often high second weights.  The fuzzy logic dassficaion
procedure is undertaken either on a gate by gate basis in radid radar space (for RHI

scans) or on a Cartesian grid (for volume scans).

An example of the radar data and the microphysica dasdfication is shown in Fg. 1
This figure nicdy shows the presence of mixed phase (manly wet graupd and rain hal
mixtures) in the high reflectivity arees of a thundersorm over the Tiwi idands north of
Dawin. This is consgent with the very srong updrafts in these sorms and their high

level of dectricd activity.

In generd the microphysica classfications of the radar seem very reasonable (Straka et
a, 2000; Vivekanandan et d 2000; Keenan 2003). However, they have not been
independently verified. The remainder of this paper deds with usng profilers to verify

the polarimetric classification and to point out some problem aress.



3. Profiler studies of precipitation

Wind profilers have been used for the study of precipitation for more than a decade. The
ability of the profilers to smultaneoudy observe spectra pesks associated with the clear
ar vertica motion and pesks associated with hydrometeors has alowed the estimation of
ran drop dze digributions (eg. Weakasugi et d., 1986), show dSze digributions
(Rajopadhyaya et a , 1994) and studies of the radar bright-band (Drummond et a, 1996).
More recently May et a (2001, 2002) examined severa storms where there was
significant production of hail and graupe with a combinaion of wind profiler and the G
Pol data In particular, the combination of 50 MHz and 920 MHz profilers was used to
directly sense particles with fdl speeds greater than the asymptotic limit for rain drops.
The 50 MHz Doppler spectra are usualy dominated by the clear air echo peaks that are
dways seen, while the 920 MHz Doppler spectrum is dominated by returns from
precipitation. A particularly clear example of this is shown in Fig. 2. Here the 920 MHz
Doppler spectrum clearly shows a distinct double peaked structure. One peak corresponds
to fal speeds of about 8 ms?, which is typicd of rain as the D® dependence weights the
spectra to large rain drops. The second pesk, at fall speeds of about 13 ms™?, is only
explained by 2 cm szed hall.  Note that the particles associated with the hail pesk are
~ 10 times the diameter of those in the rain peak. These peaks have a smilar amplitude,
s0 that there are ~ 10° times as many drops in the rain pesk as hail particles and 1000
times the water volume in the rain pesk. This illudrates the ability of the profiler to
differentiate even smal concentrations of wet hal. Most cases are not this clear, but both

rain and hail sze can be measured fromthe profiler data (May et d, 2002).
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It should also be remembered that the profiler verticd velocity spectra observations are
taken over a period of 45 s out of a 1 minute cycle, so that there may be consderable
vaiability of the verticd motion during the data acquistion. The importance of this will

be clear in section 5.

One of the key tests of the GPOL classfication will be the ddinegtion of areas of mixed
phase precipitation, in paticular wet graupd and ran/hal mixtures. This is manifested
in the profiler data as areas where there are sgnificant sgnds in the profiler Doppler
gpectra corresponding to particle fal speeds greater than the asymptotic fall speed for
ran (~9.8/D%* ms! where D is the ar density). This spectra informetion alows both the
detction of hail larger than aout 1 cm and some Sze information.  Note that the un-
ambiguous detection of graupel and smdl hal with profiler data done is not possble as

the fal speeds are smilar to that of rain.

Thus, the detals of the profiler Doppler spectra and the retrievds of microphysica

characterigtics can clearly be used to vadidate the C-Pol estimates.

4, Data sets

Data from severd storms passing over the profiler have been examined for hal. These

include cases of isolated single cdl sorms, continental squal lines and monsoonad storm

complexes. This ensures that a range of gorm intendties (as defined by maximum
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vertica veocities) and different degrees of organization have been sampled. These cases
include samples where hall was not detected in the profiler data or only wesk hail
sgnatures were present, as well as clear hall cases.  Severd of the cases a0 had digtinct
tralling dratiform regions and data collected from these regions were used to provide
information for pure rain Stutions as wel as to examine the difficulties of the grid based
retrievals for rerieving thin layers of mdting show. High verticd resolution data from

RHI scans were used for this purpose.

5. Verification: A case study

Fig 3 shows an example of a time height cross-section of the profiler reflectivity, verticd
motion and reflectivity weighted fal speed relative to the ar (i.e. the verticd motion
measured with the 50 MHz profiler has been subtracted from the fall speed measured
with the 920 MHz profiler) through a squdl line. This example shows a strong updraft
on the periphery of the main precipitation core. However, this updraft is within the cloud
as demondrated by a week increase in the 920 MHz reflectivity (not shown). The
maximum updrafts exceed 10 ms™ and it is reasonable to expect that super-cooled drops
are being lofted and dgnificant riming and potentia hail production is occurring.  This is
corroborated by the large fall speeds seen in the downdraft in the high precipitation area
The reflectivity weighted fal speeds exceeded 10 ms?, which is a strong indicator that

hail is present.



One intriguing feature is the gpparent upward moving precipitation next to the top of the
man updraft. This is a feature that is often seen near the top of the leading edge of
convection in profiler fal speed data. Detalled examination of the radar Doppler spectra
shows that there are two pesgks in the 50 MHz spectrum at these dtitudes. The lower
speed one is a downdraft and is the larger, but there is aso a secondary upward pesk and
the 920 MHz spectral peak corresponds to this. What appears to be happening is there is
some overturning during the 45 s data acquigtion. This is adso indicated in the
reflectivity dructure with the filamentary reflectivity dructure overlaying the “upward’
ran. The interpretation of this is the upward pesk, which was probably present for only
part of the 45 s record, was lofting rain and ice aoft. These were presumably smdl with
amall fal speeds so that both the 50 MHz and 920 MHz profilers see upward motion for
part of the record. However, for most of the record there was a downdraft present as
indicated by the stronger 50 MHz pesk. Presumably, the precipitation in te downdraft,
if there was any present, was evaporated, perhaps intensifying the downdraft, but there
are no detectable echoes for the 920 MHz profiler during this part of the 45 s record.

Thus the profiler gpparently sees upward moving precipitation since the mean motion
(weighted by the 50 MHz dear ar reflectivity) was downward while the precipitation
echo was in the updraft portion of the record. There is dso an interesting “step” in the
hight of the brightband at about 1150 UTC which is reflected in the height of the freezing

level in soundings taken before and after the storm.

There is dso an indirect confirmation of mixed phase and graupe production in the area.

Lightning echoes are seen in the profiler data These are vidble as spots of very high

13



reflectivity and spectrd width and anomaous (meaningless) apparent verticd moations.
These are most clearly seen in the 50 MHz data but are dso visble as smdl bright spots
in the 920 MHz reflectivity at dtitudes ~ 78 km just after the main peak of precipitation.
This is not the radar seeing the direct radio emisson from the lightning as tha would
gopear a random height, but rather is radar reflections off the ionization tral of the
lightning as it is advected through the radar beam. There is dso the possbility that they
are being detected through sdelobes, but this is argued againgt by their height distribution
with the most common detections just above the freezing level and near sorm top and by
the fact that the echoes appear in both of the profilers a the same height (the profilers
have very different sde-lobes). These lightning echoes typicdly have very large spectrd
widths (covering the entire Nyquigt intervd so the full width is unknown) and very high
power a 50 MHz completely masking the clear air and precipitation spectral pesks. Such
lightning echoes have been recorded in the literature (eg. Larsen and Rottger, 1987) and
were discussed in detall by Atlas and Williams (2003). Atlas and Williams discussed the
frequency dependence where they saw the lightning echoes with a 915 MHz profiler, but
not with a 10 GHz profiler. These reaults illustrate that this can be extended to very

intense echoes at 50 MHz.

Fig 4 shows the corresponding time height cross-section of the GPol gridded reflectivity
and microphysca classfication data over the profiler gte. This has 10 minute time
reolution 0 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 consstent with the profiler

data in the convective region, the trandtion and draiform regions of the squdl line.
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There is a subdantid region where the microphysica classfication is wet graupd and
ran/hal mixtures and this region corresponds very closdy with the profiler regions of

high fal speed and the areas of snow and rain gppear condstent with conceptua modeds

of such sysems.

However, the C-Pol dasdfications are far from perfect. This is mogt in evidence in the
dratiform pat of the squal line (1030-1200 UTC). There is a substantid area where
there is a wet graupd dassfication above the mdting levd.  This is in the region where
the temperature is between —10 and 0°C and that aggregation of the snow crystds is
likdy to be occurring. While this is a mis-classfication, it does point to the
microphyscd data being useful in identifying dgnificant phydcd processes in the
precipitation. However, it will be shown that this is a least partly induced by a lack of

gpatid resolution in the data.

Ancther problem area is the lack of a mdting show layer in the drétiform region. The
only pixels where this occurs is in the smdl region where the gridded reflectivity shows a
diginct bright-band signature. The bright-band is obvioudy much clearer in the profiler
data, but the interpolation procedure used for the C-Pol data washes out this Sgnature.

This has been further examined by an examination of RHI data The C-Pol radar
performs an RHI scan directed over the profiler Ste a the end of every volume scan. The
classfications for the RHI is done on a raw pixd levd and it is seen in Fg 5 that the
brightband is wedl resolved and a narow layer of meting snow comes up in the

classfication. Conversdy, the aggregation sgnature of anomaous wet graupel noted in
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the previous paragraph is partiadly los. An active convective dement with a ran-hal
mixture as well as a large area of wet graupd around the cdl core is dso evident. Thus
the mdting show classfications where there is very good horizontd and verticd
resolution gppears fairly robust.  In order to test if the problem was associated with the
grid resolution, the volume data was re-sampled onto 0.5, 1, 1.5 and 2 km horizontal
resolution grids. However, the problems tha were seen in the origind grids remain,
dthough the sampling did produce changes in the detalled reflectivity and classfication
dructure.  Thus the prime problem is in the limited spatid sampling in devation inherent

in volume data.

Another feature in the dasdfication cross-section is the noisiness of the region with high
and low dendty snow and dry graupd above the wet graupd in Fg. 4. This is an
indication that the different hydrometeor classfications ae not well separated in ther
phase space and that the classfications of these types is uncertain. This problem is aso
made worse by the poor resolution and smearing inherent in the gridding of the data, as
there appears to be much less noise in the snow/dry graupd dassfications in the RHI
data (Fig. 5). However, in this case dmost no high dendty snow is seen even around the
graupd aess. One recommendation arisng from this is to combine the high and low

dendty snow dassfications into a single snow classfication.
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6. Lightning echoes as verification data

As noted above the profilers are aie to sense echoes from lightning ionisationation
channds. Fig. 6 shows the location of lightning detections based on the occurrence of the
very broad spectra seen in the 50 MHz data overlad on the C-Pol profiles above the
profiler location (as before). This shows very nicdy the occurrence of the lightning
behind the initid updraft indicating the need for some time to develop a charged mixed
phase regon. It dso shows the concentration of lightning detections in the layer just
above the freezing level (~ 4.9 km) and near the sorm top. The upper layer descends

with the storm echo top.

These data ae condstent with charging models of lightning production with charge
separation occurring where there is a mixture of graupd and ice crysas between 0 and -
20°C leading to large gradients in charge and near the storm top as well as andyses
combining lightning detection and radar data (Williams 1989). Furthermore they give
credence to the dasdfication of rain/hall mixtures and wet graupd in the region of the
lightning occurrence. These sgnatures are much wesker in oceanic convection (to be

discussad next) when thereislittle lightning activity (Williams et d., 1992).

7. Systematic verification of the classifications

The previous sections have discussed some case dudies illudrating the quditative

consstency between the profiler observations and the polarimetric classfications.  In
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order to put this onto a more quantitative bads, the profiler data was sorted into time-
height cross-sections of the reflectivity from the rain and hall components separately and
then mapped onto the polarimetric sampling. That is, a profiler hal detection was
flagged if sgnificant “hal” was seen a a given height range during the fird 6 minutes of
the ten minute volume scan. This was to dlow for the scanning time and the spatid
averaging inherent in the volume egtimate. This procedure has been performed and
columns of detections compared for 6 cases totaling over 10 hours of precipitation over
the profiler. Two of these were cases from monsoond convection where the vertica
motions were expected to be much weaker, although one (February 17, 2003) had a clear
hail sgnature in both data sets. This was to provide a test for the non-occurrence of the
hall sgnatures in convection with high rainfal rates, but week verticd motions and little
hail expected to develop. In these monsoon cases little or no hall sgnatures were seen in

ather data set.

An event was clased as a detection if there was a hall sgnature present in the column for
a given 10 minute interva within the 6 time series.  The resuts are summarised in Table
2. Objectively, there were 8 hits, 2 misses and 2 fase darms in over 10 hours of data
where precipitation was over the profiler. Of the two misses, one sample only had hall in
the smdl part of the 10 minute cycle and this was adjacent to a clear hit. The second
miss had only a wesk dgnaure in the profiler data with reatively low reflectivity. This
may be a fdse detection by the profiler.  Of the fase darms, one was only a single pixe
in a reaivey low reflectivity time-height cross-section while the other was adjacent to a

very drong detection. Although tagged as a fdse dam it is quite likely that there was
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hall present in the 3km by 3 km volume and the “fdse darm is a product of the spatid

sampling of the C-Pol data.

8 Conclusions

Severd cases of convective sorms have been examined using the combination of the
wind profiler and polaimetric radar data Of these severd highlight the large over-
turning and entranment a the top of the leading edge of convection in the profiler data
induding the case examined in detall in this paper.  The profiler data is clearly useful in
veaifying the C-Pol microphyscd cdlassfications ~ Furthemore the cdlassfications of
ran/hall mixtures themsdves are remarkably robust. The number of fdse dams and
missed detections were very low conddering the limited data avalable, the fact that
gridded data was used and the limited separation in the measurement phase space of

different hydrometeor combinations.

One area of concern in the basc methodology is the atempt to define too many closdy
separated classfications. This is seen dearly in Figs 4 and 5. These figures indicate that
the high and low dendgty show cdlassfications should be combined into a sngle snow

dassfication.

The gridded dasdfication problem does have some problems.  This is particularly

evident in dratiform rain with a brightband where the radar sgnatures are smeared in the

gridding process.  This results in two problems. One is an apparent layer of wet graupe
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above the mdlting level that appears erroneous but may be related to aggregation of the
ice aydas and the other is the lack of detection of meting snow. These problems may
be dleviated by applying the cdlasdfication to the raw data and then gridding the
dassficaions or by usng the full three or four dimensgond information avalable to
refine and edit the classfication fidds. The former faces some problems on how to

perform the interpolation of the classfications onto agrid.

The C-pol data set will be very useful in placing the ARM cdoud daa in context with
respect to the cloud origin and the characterigtics of the parent convection. These gridded

data are being made available as an extend data set to the ARM community as is the

profiler data. (www.arm.gov).
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Table Captions

Table 1 Ranges of polaimetric varisbles and temperature for various hydrometeor

Species.

Table2. Summary of hail detections over 6 cases

Figure Captions

Figure 1 RHI cross-section of a thunderssorm over the Tiwi Idands north of
Dawin. Note the flare echo extending behind the cdl coinciding with the detection of a

ran hal mixture

Figure 2 Doppler spectra collected with the 50 Mhz profiler (solid) and 920 MHz
profiler (dotted) a Darwin. The asymptotic limit for rain fal speeds redive to the mean
ar motion (w~ 5ms™) seen by the 50 MHz profiler is aso included. The ligh fal speed

peak corresponds to hail while the other israin (After May et d., 2001)

Figure3 Time height cross-sections of the reflectivity measured with the 920 MHz
profiler between 1000 and 1230 UTC on November 4, 2001 (top), mean vertica motion
measured with the 50 MHz profiler with an overlad contour of zero verticd motion

(middle) and the reflectivity weighted precipitation fal speed estimated by the difference
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between the Doppler velocity measured with the 920 MHz profiler and the verticd

motion subtracted.  The contours of the lower pandl areat fall speeds of -2 and -10 ms™.

Figure4 Time height cross-section of the C-Pol measurements of reflectivity on the
grid point closest to the wind profiler location between 1000 and 1230 UTC on
November 4, 2001 (top) and the corresponding microphysica classfication. These data
ae on 25 by 25 km grids with a verticad sampling of 500m. The actud beam heights
that were used in creating hese data are marked by the horizontd lines on the left of the

top pand.. Contours of reflectivity are overlaid on thisfigure.

Figure 5 RHI scan a 1119 UTC on November 4, 2001 showing the reflectivity
(top) and cdlasdfication (bottom) . This shows an active convective dement with a ran-
hall mixture as well as a large area of wet graupd around the cdl core. Of particular
interest here is the narrow layer of mdting snow that is resolved in the Sratiform region

farther from theradar. Contours of radar reflectivity are overlaid on these panels.

Figure 6 Another time height cross-section of the reflectivity and classfications for
0500 to 1000 UTC on December 10, 2002. However, in this case the location of
lightning echoes in the profiler data have been overlayed (dark lines) dong with contours
of reflectivity as before.  This was a very dectricdly active case dthough the most
intense convection missed the profiler. However, an extendve region of wet graupd is

vigble prior to and in the dectricaly active period.
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Table 1 Ranges of polarimetric variables and temperature for various hydrometeor

Species.
Zun (dBZ) Zpr (dB) Div(0) Koe (deg km™) Temperature (°C)
10-25 0.2t00.7 >0.97 0t00.06 >-10
Drizzle
) 25t0 60 05t04 >0.95 0to 20 >-10
Rain
Snow (Dry,low density) -10t0 35 -05t005 >0.95 -1tol <0
Snow? (Dry, High density) -10to 35 00to1l >0.95 0to04 <0
Snow (Wet, melting) 20to 45 05t03 05t00.9 Otol Otob
Graupd, dry 20t0 35 -05t01 >0.95 Otol <0
Graupd, 30to 50 -05t02 >0.95 Oto3 -15t05
wet
Hail, small < 2cm wet 50to 60 -05t005 0.92t00.95 -1tol -15t05
Hail, large > 2 cm wet 551065 -1t00.5 0.90t0 0.92 -1to2 -25t05
Rain & Hail 45t0 80 -1t06 >0.9 0to20 -10to 10

2 Rimed and aggregated snow.

26




Table 2. Summary of hail detections over 6 cases

Date Time of C-Pol | comment Time of profiler | comment
detection detection
4/11/01 | 1030 1030
1040 Fadse darm because of
Spatid averaging?
17/11/01 0930 Leading edge midway
thru’ 10 minures
0940 0940
10/2/02 | 0550 0550
0600 Low Z, scattered in
height
5/2/03 0450 0450
0500 Wesak, scattered | 0500 Weak, scattered in
in haght height
16/2/03 | 1250 Sngle pixe
17/2/03 | 1750 1750
1800 1800

1810 1810
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Figurel RHI cross-section of athunderstorm over the Tiwi Idandsnorth of Darwin. Note

theflare echo extending behind the cell coinciding with the detection of arain hail mixture.
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Figure?2 Doppler spectra collected with the 50 Mhz profiler (solid) and 920 MHz profiler

(dotted) at Darwin. Theasymptoticlimit for rain fall speedsréativetothe mean air motion (w~
5ms™) seen by the 50 MHz profiler isalsoincluded. The high fall speed peak correspondsto hail

whiletheother israin (After May et al., 2001)
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Figure3 Time height cross-sections of thereflectivity measured with the 920 MHz profiler

between 1000 and 1230 UTC on November 4, 2001 (top), mean vertical motion measured with the 50
MHz profiler with an overlaid contour of zero vertical motion (middle) and thereflectivity weighted
precipitation fall speed estimated by the differ ence between the Doppler velocity measured with the
920 MHz profiler and the vertical motion subtracted. The contoursof thelower pand areat fall
speedsof -2and -10 ms™.



C-Pal Reflectivily over prefiler Mavember 4, 2001
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Figure4 Time height cross-section of the C-Pol measur ements of reflectivity on thegrid

point closest to thewind profiler location between 1000 and 1230 UTC on November 4, 2001 (top)
and the corresponding microphysical classification. Thesedataareon 2.5 by 2.5 km gridswith a
vertical sampling of 500m. Theactual beam heightsthat wereused in creating these data are
mar ked by the horizontal lineson theleft of thetop panel.. Contoursof reflectivity areoverlaid on
thisfigure.
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C-Paol Reflectivity 11:19:02 2001/11404
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Figure5 RHI scan at 1119 UTC on November 4, 2001 showing ther eflectivity (top) and

classification (bottom) . Thisshowsan active convective dement with arain-hail mixtureaswell asa
large area of wet graupel around the cell core. Of particular interest hereisthenarrow layer of
melting snow that isresolved in the stratiform region farther from theradar. Contoursof radar
reflectivity are overlaid on these panels.

32



C-Pal Reflzctivity over prafiler 10 December, 2002
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Figure6 Another time height cross-section of the reflectivity and classificationsfor 0500 to
1000 UTC on December 10, 2002. However, in this casethelocation of lightning echoesin the
profiler data have been overlayed (dark lines) along with contour s of reflectivity asbefore. Thiswas
avery electrically active case although the most intense convection missed the profiler. However, an
extensiveregion of wet graupd isvisibleprior to and in the electrically active period.



