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Raindrop Axis Ratios and Size Distributions
In Florida Rainshafts: An Assessment
of Multiparameter Radar Algorithms
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Abstract—Eleven penetrations of rainshafts by the University There has been much debate on the extent that the mean
of Wyoming King Air (WKA) aircraft equipped with a two-  axis ratio versus theD., relation can be biased by rain-

dimensional (2-D) optical array probe are studied in coordination ot ot
with multiparameter radar measurements from the National drop oscillations (e.g., [7], [8]), and quantitative data are

Center for Atmospheric Research (NCAR) CP-2 radar collected aCking for large drops under conditions of moderate-to-
in a multicellular storm that occurred on August 8, 1991, of the high rainrates. Chandrasekat al. [7] found that most of

Convective and Precipitation/Electrification (CaPE) experiment. the drops had axis ratios close to the mean, with small
A comparison is made between the mass-weighted mean diameterggcillation amplitudes, typically 10%, in their aircraft-based

(D) and rainrate (R) computed from the nine-size spectra and . :
their estimates from multiparameter radar algorithms based on study from the High Plains (from Colorado and Montana)

Za: and Z,,. It was found that D.,,, could be estimated with a mean (rainrates 1-15 mmiht) using two-dimensional (2-D)-Particle
bias of 0.07 mm and a standard deviation of 0.35 mm. Rainrates Measuring Systems, Inc. (PMS) probe images. In the High

(in the range of 10-60 mmiT") could be estimated fromZ, and  Pjains data, ice cores in partially melting drops may have

Zar with a mean bias of 1-4% and fractional standard error At ;
(FSE) of 30-40% depending on the estimator used. Raindrop axis suppressed oscillations for drops wi > 4 mm. In the

ratios are analyzed as a function of volume equivalent spherical Florida data set reported here, th€ O level is much higher
diameter (D.) in the range 2—6 mm. The mean axis ratio versus [near 4.8-km altitude mean sea level (msl)] and the penetration

the D.q relationship was found to be consistent with previous altitude is at a much warmer temperaturelf °C). Thus, the

gﬁgyfg??ug‘ueat:;'ggOfgigsrétfig”(gbggl%‘ﬁromaeg‘i \'/\g?l;‘:)irs‘ﬁz)-w': 4 Possibility of partially melted drops at the penetration alfitude
that most drops have axis ratios close to their mean values with should be extrem'ely small..
oscillation amplitudes to be typically £10% in axis ratio, again One goal of this paper is to extend the Chandraseitar

consistent with the earlier High Plains results. al. [7] drop axis ratio results to the much higher rainrate
Index Terms—Multiparameter, radar, raindrop, size distribu-  conditions (20-60 mmhl) in the Florida environment. A

tions. second goal is to quantitatively assess the ability of radar-

measuredZ,, to predict the mass-weighted mean diameter

|. INTRODUCTION (D,,) of the dsd (assuming equilibrium shapes) by direct

OLARIMETRIC radar rainrate algorithms based on recomparisons withD,, from dsd’'s measured by the 2-D-
flectivity (Zy,), differential reflectivity(Zy, ), and specific PMS probe. Effects of large amplitude drop oscillations due

differential phasd K,,) offer physically based approaches tdo collisional forcing, as suggested by Beaed al. [8], at
the measurement of rainfall. These algorithms are generdigh rainrates should negatively impact such a comparison. In
derived based on 1) equilibrium raindrop shapes via an af&st, such comparisons between radar-measuigdand Z,
ratio (a/b) versus theD., (volume-equivalent spherical diam-computed from dsd data from a distrometer in light rainrate
eter) relation [1], [2] and 2) either exponential [3] or gammagonditions forced Goddard and Cherry [9] to empirically
drop-size distribution (dsd) [4] or experimentally measuregdjust the mearia/b) versus theD.q relation (for D < 3
distributions. Quantitative assessments of the improvementswi) to remove a 0.1-dB bias in th&;, comparisons. Later
polarimetric algorithms oveZ-R relations using simulations work revealed that their adjustment was in the right direction
of dsd (fluctuations and radar measurement errors have beed that the cause of the upward shift toward sphericity
performed by several investigators [5], [6] based on 1) and @) mean axis ratio was due to raindrop oscillations [7],
above. The mean axis rati@/b) versus theD., relation is [10]. A third related goal is the quantitative assessment of
critical for deriving algorithms based af, or Kj,. several rainrate algorithms based diy alone and onZ,
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rainrate €10 mmh!) conditions. More recently, quantitativeterms of positiveZy. columns, i.e., areas ofy. > 1 dB
assessments of polarimetric rainrate algorithms have bewar the 0 level. Panels (a)—(f) show contours &%, with
conducted in heavier convective rainfall using raingages [@]ifferential reflectivity ¢,4., dB) as grayscale filled contours;
[13]-[15]. only Z4, > 1.0 dB at this level is shown. These panels also
A secondary goal is an assessment of a new algorithmdleow superimposed the WKA tracks at altitudes of 250-550 m
compute X-band-specific attenuation for dual-wavelength ras straight-line segments. These segments (identified by time)
flectivity ratio [16] by comparing radar estimates with specificorrespond to the spatial distances over which the dsd’'s have
attenuation computed directly from the measured dsd. been averaged for later analysis [described in Section IV(E)].
The data reported herein were obtained on August 8, 1991 Prior to 1730 UTC, the storm could be associated with a
in east-central Florida during the Convective and Precipitaingle cell. The storm was isolated and appeared to have been
tion/Electrification (CaPE) experiment. A multicellular stormnitiated along a sea-breeze cloud line. After 1730, the storm
was the target of intensive observations by the Nationdisplayed a multicellular structure, as seen in Fig. 1; separate
Center for Atmospheric Research (NCAR) CP-2 radar amells are identified as the NW, S, and SW cells in panels (a),
the University of Wyoming King Air aircraft (WKA). The (d), (e), and (f). The signature of positivg, (>2.0 dB) in the
WKA equipped with a 2-D-PMS probe made a series &@ZAPPI sections at altitudes near 4 km is indicative of updrafts
11 rainshaft penetrations over a period of 30 min at altitudes these levels, as confirmed by aircraft and multiple-Doppler
between 250 and 550 m. The storm, located at a rangestdidies in similar Florida cells [17]—[20]. For example, positive
60 km from the CP-2 radar, was scanned with good tim&;, columns are noted in Fig. 1(a), (c), (d), and (e); this
resolution [Range Height Indicator (RHI) or Plan Positiosignature is typically due to a low concentration of large
Indicator (PPI) scan covering the storm every 2 min]. Weindrops either ascending, descending, or being suspended
focus on radar measurements &f and Zy and the dual- in the updraft, depending on the terminal fallspeed [21], [22].
wavelength radar estimate of specific attenuafidp) at the Fig. 1(a)—(f) show that the WKA made 11 penetrations of
10-GHz frequency. The excellent navigation, typically withimainshafts between 1745 and 1813. The penetrations at 1745,
100 m, made possible by the Global Positioning System (GPE)56, 1804, and 1813 are detailed in Section IV-A and B.
receivers on the WKA, ensured that aircraft and radar dathe 1745 penetration [see Fig. 1(b)] was made during the
could be accurately aligned in space. This requirement risature phase of the NW-cell marked in Fig. 1(a). The 1756
critical for the quantitative assessments reported here in typiganetration [Fig. 1(d)] was also made during the mature phase
Florida cells with diameters-5 km. around 6 min after the collapse of the positig. column in
This paper is organized as follows. Section Il gives a radkrg. 1(c). The penetrations at 1804 and 1806 were made near
overview of the storm ever a period of about 30 min vithe SW-cell [see Fig. 1(e)] during its vigorous growth phase.
constant altitude PPI sections. Section Il describes the resultse last two penetrations at 1811 and 1813 were made during
of 2-D-PMS probe image analysis as related to raindrop atie mature phase of the SW-cell after the positisg column
ratios and inferred oscillation amplitudes. Section 1V discusshad weakened [see Fig. 1(f)].
details of four penetrations by comparirfy, and Z4, from
radar and computed from the probe data as a function of 1. AIRCRAFT DATA
time (or, equivalently, position) along the track. Also given The principal data source from the WKA was from the
are up/down draft speeds and the penetration-averaged @sth-PMS precipitation probe, which was mounted with hor-
Section V discusses the quantitative assessments of radasntal optical axis so that the elliptical cross section of the
based inferences against probe data. Section VI concludesdheps could be imaged. The analysis method used here follows
paper with a summary of results. The Appendix details th@handrasekaet al. [7]. The 2-D-PMS precipitation probe
radar data analysis procedures. has a resolution of 0.2 mm. For each entire image of the
drop within the scan area (the minimuf,., is chosen as
0.75 mm), the major(2b) and the minor(2a) axes of the
The storm of interest developed around 1730 UTC alongpaincipal elliptical cross section are determined via 1) a direct
sea-breeze cloud line (visible as towering cumulus clouds framethod for0.75 < D.q < 2 mm and 2) a 2-D filtering method
1430 UTC) near the east-central Florida coast. The Appendor D.; > 2 mm. The missing scans at the leading edge of
describes details of the multiparameter radar analysis methdtigls image are compensated for using the method described in
used in this work. All radar measurements were obtained wikiao et al. [23]. The horizontal resolution was recalculated
the NCAR CP-2 radar, whose location is the grid origin ifrom the measured airspeed and the recorded clock rate, and
all subsequent figures. The environmental sounding takentla adjusted horizontal resolution was used to calculate the
around 1700 UTC near the location of the storm showed therizontal size of the images. The volume equivalent spherical
0 °C level at 4.8 km and cloud base at 1.2 km. Henceforth, allameterD., was estimated fronb., = 2(ab?)/. In the size
times will be UTC and all altitudes will be above msl| unlesslistribution plots, all drops wittD., > 0.75 mm are shown.
otherwise indicated. Fig. 2 shows the average distribution from all 11 penetra-
Fig. 1 shows a time sequence of constant altitude P#ins with a total sample volume of 62140 |. The dashed
sections at 4-km (4C) altitude from 1734 to 1811, spacedstraight line, which is a fit to the data, has a slope of
roughly 7 min apart. Data from this altitude level enable 45.05 cnt! and an intercept of 2155 mimm~! (which is
clearer depiction of individual cells within the complex inaround a factor of four less than the Marshall-Palmer [24]

II. RADAR DATA
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Fig. 1. (a) Constant altitude PPI section at 4-km height showing contoufs, dtarting at 10 dBZ with increments of 10 dB) with grayscale overlay of
Z4r (only values exceeding 1 dB are shown with darker shades representing more positive values). The CP-2 radar location is at the grid origin. (b)—(f) As
in (a), except for times as indicated from 1742-1811 UTC. Straight line segments represent the WKA penetrations at the indicated times.
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A. Raindrop Axis Ratios

The relation between axis ratio (ratio of minor to major axes ©
a/b) and D, for raindrops is fundamental to the interpretation
of Z4. and to the rainrate algorithm based By and Z,,.. We
note here, in passing, that it is also fundamental to specific®® 0o o7 o8 08 10 1 12 13 14
differential phase X 4;,,) and on rainrate algorithms usirig,,, (a/b) + <a/b>
or Ky, combined withZ,.. As shown by Chandrasekat (b)

al. [7], it is possible to accurately estimate (within a few o ,
Fig. 3 (a) Mean axis ratio(a/b) versus Doq from all 11 penetrations

percent forD_eq > 2 mm) QXIS ratios of drops from 2-D- (marked as Florida). Both mean and 95% confidence interval are shown for the
PMS probe images. The first results from Chandrasedar Florida data set. Also shown are the mean results from the High Plains and the

al. [7] were from rainshafts in the High Plains with rainrategnodel resuilt for equilibrium shapes from Beard and Chuang [2]. The straight
-line fit (a/b = 1.03 — 0.062 D4 ) to the wind-tunnel data of Pruppacher and

. 1 .
ra_nglng 1_15 mmh The qurlda re;ults presented here IHéeard [1] is also shown. (b) Frequency distribution (histogram) for the ratio
rainshafts with significantly higher rainrates (10-60 mMih (a/b) = (a/b), where(a/b) is the mean value shown in (a). The measured

and in warm-based clouds greaﬂy expand the databasea&ﬁ ratiofo'reach dropwas_ divided by the mean axis_ratiointhe corresponding
raindrop axis ratios. size (D.q) interval to obtain the values that were histogrammed.

Fig. 3(a) shows the mean axis rat{¢a/b)) versusDcq For3 < D.q < 4.5 mm, Fig. 3(a) shows that the mean axis
for all drops (numbering 3523) witlD., > 2 mm from ratios are in very good agreement with Beard and Chuang'’s
all the penetrations between 1745 and 1815. The verti¢d] model and fall within their upper and lower bound results
bars represent the 95% confidence interval @fb). Also [only their mean model curve is shown in Fig. 3(a)]. For
shown are the mearja/b) from Chandrasekaet al. [7] 4.5 < D.q < 5.7 mm, the Florida results are very close to
as well as the model fit for equilibrium-shaped drops frorthe lower bound result of Beard and Chuang [2] and to the
Beard and Chuang [2] and the straight-line fit to the windempirical fit recommended by Clitt al. [26].
tunnel results of Pruppacher and Beard [1]; i.e/b = Fig. 3(b) shows a histogram af/b+ (a/b) for all drops
1.03 — 0.062(D.q), Where Dq is in mm. Between 2 and with Dy > 1.5 mm. The measured axis ratio for each drop
2.7 mm, the Florida results show a larg&r/b) compared was divided by the mean axis ratio in the corresponding size
to the Beard and Chuang model results as well as to thB.,) interval to obtain the values that make up the histogram.
earlier Chandrasekaat al. [7] results. Because the 2-D-PMSThe histogram shape in Fig. 3(b) is very similar to the results
probe has a resolution of 0.2 mm, the axis ratio estimates fufr Chandrasekaet al. [7], with the mode of the distribution
the smaller dropsf., ~ 2 mm) will be less precise than for being close to unity. One straightforward explanation is that
the larger ones{., > 3 mm). Thus, we are not confidentmost of the drops have axis ratios close to the mean [shown in
about the magnitude of the upward shift in axis ratio d@ig. 3(a)] with small oscillation amplitudes, typically;10%
D.q = 2.2 mm. However, this trend toward highér/b) in axis ratio. Thus, while raindrops do oscillate, the mean axis
for 2 < Deq £ 2.7 mm is qualitatively consistent with theratio of drops withD., in the range 3-5.7 mm is not altered
empirical adjustment made by Goddard and Cherry [9] amsignificantly from the equilibrium shape results of Beard and
with the laboratory results of Kubesh and Beard [25]. Chuang [2]. This result contradicts the hypothesis of Besrd




BRINGI et al. RAINDROP AXIS RATIOS AND SIZE DISTRIBUTIONS IN FLORIDA RAINSHAFTS 707

al. [8] regarding collisional forcing of large amplitude dropfrom aircraft data with downdrafts up te5 ms™' during
oscillations and the resulting upward shift in mean axis ratthis penetration. Fig. 4(d) shows the averaged size distribution
at higher rainrates. Recently, Tokay and Beard [27] arguént D.q > 0.75 mm. The dashed line is a straight-line fit to
that collisions cannot be a major source of drop oscillatiortise exponential distributioV(D.,) = No exp(—AD.q). The
since they observed significant numbers of oscillating dropsinrate R, the mass-weighted mean diame{é?,,,) defined
even through their estimated influence of collisions was cleawg (DZ, N(D.q)) + (D2, N(Deq)), and A are, respectively,

negligible. 32.6 mmhrt, 2.6 mm, and 14.7 cmt.
The WKA penetration in the region of most uniform re-
IV.  RADAR/AIRCRAFT INTERCOMPARISONS flectivity of all 11 penetrations occurred between 1756:00

Because of the high degree of navigational accuracy p@ad 1756:54 [see Fig. 1(d)]. Fig. 5 shows the results of the
vided by GPS receivers on the WKA, it was possible ttadar/aircraft comparison, similar to Fig. 4. Tl compar-
compare radar measuref), and Z,, along the aircraft track ison is excellent, whileZ,. from the 2-D-PMS probe data
with corresponding calculations from 2-D-PMS probe datalightly underestimates the rad4y,. Again, weak downdrafts
We illustrate such detailed comparisons for four penetratiopgevail. The rainrate calculated from Fig. 5(d) is 53.4 mrhh
at 1745, 1756, 1804, and 1813 [see Fig. 1(b), (d), (e), and (fipnly the 1751 penetration, see Fig. 1(c), had a higher value

of 57.8 mmir!, which is the largest rate of all the penetra-
A. 1745 and 1756 Penetrations tions]. In fact, both the 1751 and 1756 penetrations occurred

The NW-cell marked in Fig. 1(a) was penetrated on its nor#dithin the same general area of the cell. The parameter
side by the WKA at 1745. Fig. 4 summarizes the comparisddm = 2.31 mm, while A = 15.9 cm L.
between radar and processed 2-D-PMS probe data. Fig. 4(a)
is generated as follows. Since the raday is interpolated .
to a Cartesian grid with grid spacing of 0.25 km, valueS- 1804 and 1813 Penetrations
of Z; closest to the WKA track [shown in Fig. 1(b)] are Two WKA penetrations at 1804 and 1813 are next dis-
extracted for each second of flight time, beginning at thmussed. At 1804, the WKA penetrated a highy, region
start of the penetration noted in Fig. 4(a). Since the WKZ,. > 3 dB) with high Z;, (~50 dBZ). The timing of this
penetration time (1745) fell in between two radar volumepgnetration was during the growth phase of the SW-cell.

Zj, data from two volumes (centered at 1744 and 1747) wereThe radar/aircraft comparisons are shown in Fig. 6. In
averaged (in linear sense, i.e., units of fmT?3) and plotted in Fig. 6(a), note theZ,-gradient from radar around 15 dBkrh

Fig. 4(a) versus aircraft penetration time (the WKA airspeetkarly coincident with theZ,-gradient from the 2-D-PMS
was approximately 80 ms). Similarly, Z,. from radar is data. The same holds true for ti#,-gradient in Fig. 6(b).
plotted in Fig. 4(b). Also plotted in Fig. 4(a) and (b) atg The up/downdraft speed is shown in Fig. 6(c), again with weak
and Z,,., respectively, computed from the 2-D-PMS probdowndrafts around 0 te-2 ms™!. The size distribution in
measurements as follows. Starting from 1745:30, bins of 56@y. 6(d) shows a “flat” tail forD., > 3.5 mm. The rainrate is
raindrops are accumulated sequentially in time and a si¥6.8 mmit! andD,,, = 3.24 mm. Personnel aboard the WKA
spectrum is obtained for each bin from whi¢h, and Z,;, reported strong evidence of drop sorting with big raindrops
are computed and plotted versus the center time of the bam the southwest side of the storm complex [see Fig. 1(e)].
The Z;, is approximately computed 49 N(D.,)) over the Because of an excess of big drops in the distribution,Zhe
bin of 500 drops where the drops are assumed to be spherisdbrge butRk is much smaller than expected from the usual
(later we use rigorous scattering methods for oblate shapesZig R relations. It is precisely under such circumstances that
calculateZ;). The Zy, is also approximately computed by firstknowledge ofZ,. is important.

calculating the reflectivity-weighted mean axis ratio for the bin The WKA made a repeat penetration of the high region

of 500 drops and then, using a simple relation from Jamesan 1806 [see Fig. 1(e)]. The shape of the distribution (not
[28] to calculateZy,, 10~0-1(Za) = (q/b)7/3. The straight-line shown here) was nearly identical to Fig. 6(d). The rainrate was
fit to Pruppacher and Beard [1], i.e./b = 1.03 — 0.062D., 8 mmiT?, the lowest value of all the penetration segments,
(Deq iIn mm), is used for these figures [see Fig. 3(a)]. Thesehile D,, = 3.26 mm. Again, an excess of big drops gives
approximations are sufficient to show that good correlation carhigh Z;, (~45 dBZ) and lowerR than expected fron&,-R

be achieved between the radar and 2-D-PMS measuremergkgtions.

in spite of large sample volume differences. Also, the axis The WKA made its last two penetrations at 1811 and
ratios from the consecutive bins of 500 drops are not us&813, closer to the cell’'s center and during its mature phase
to calculateZ,, since such a small sample cannot accuratefgee Fig. 1(f)]. Fig. 7 shows the radar/aircraft comparison for
estimate the mean axis ratio, especially for the large drofp&e 1813 penetration. The correlation between radar— and
(>3 mm). Over the 3.2-km penetration segment, tg- aircraft-derived Z;, and Z,. is comparable to the earlier
gradients from radar are less thar8 dBkmi!. There is a penetrations. From the size spectrum in Fig. 7(d), the rainrate
general tendency for the radar measurements to “smooth” te27.8 mmtrt, D,, = 2.5 mm, andA = 158 cm~!.
2-D-PMS-based data. This spatial smoothing effect is causkkis slope is nearly identical to the 1756 penetration (15.9
by the antenna beam pattern (at a range of typically 60 kmdm~1), whereas the rainrate at 1756 (53 mmjis nearly

the cell, the 3-dB beamwidth of around produces a cross- twice the value at 1813 (27.8 mmh). This result contradicts
beam width of 1 km). Fig. 4(c) shows the up/down draft spedde Marshall-Palmer [24] relation betweén and R given
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Fig. 4. (a) Radar measured, (Z,.raqqp Compared withZ; calculated from dsdZ,_j5q) along the WKA track corresponding to the 1745 penetration
[see Fig. 1(b)]. Abscissa corresponds to time from the start of the penetration. (b) As in (a), &4¢eist compared. (c) Up/down drafts measured by
aircraft. (d) Average dsd for the penetration. The dashed straight line is th€(fileq) = 2048 exp(—1.47Dq). The still-air rainfall rate is 32.6
mmh~! and D,, = 2.6 mm. The sample volume is 7420 |.

asA = 41R~%2 which yieldsA of 17.8 (20.4 crm!) for the binary processes of drop breakup and coalescence are
R = 53 (28 mmit1). A large number of dsd’'s summarizedin balance [29]. Even when all 11 penetrations are averaged
by Hu and Srivastava [29] show this tendency for parall¢Fig. 2), the slope\ = 15.05 cm! is only slightly less than
exponential slopes (at largB., > 2 mm), with an average the slope for the individual 1756 and 1813 penetrations. This
slope around 20 cmt for R ranging from 20 to 200 mmtt.  slight decrease is caused by the inclusion of “flat” tail spectra
Such “equilibrium” distributions are thought to occur whemt 1804 [see Fig. 6(d)] and 1806.
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Fig. 5. As in Fig. 4, except comparison is for the 1757 penetration [see Fig. 1(d)]. (d) The dashed line correspoaBs{p = 5290 exp(—1.59D).
The still-air rainfall rate is 53.4 mmh', D,, = 2.31 mm and sample volume is 7014 I.

V. PENETRATION-AVERAGED COMPARISONS <5 dBkmi!. Henceforth, our analysis will exclude the 1804

For all 11 penetration segments from 1745-1816, plod 1806 segments. From the size spectrum obtained over
similar to those shown in Figs. 4-7 were examined idre duration of each of the nine penetration segments [for
select those segments where the radar gradients were €xample, such as those shown in Figs. 4(d) through 7(d)], we
less than 10 dBkm! to avoid biases due to antenna bear@omputed using th&-matrix method [30] parameters, such
smoothing. Except for the penetration segments at 1804 aasl reflectivity at horizontal polarizatiofZ;) and specific
1806, the remaining nine segments typically tidgradients attenuation at X-band (10 GHz) at horizontal polarization.
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Fig. 6. As in Fig. 4, except comparison is for the 1804 penetration [see Fig. 1(e)]. (d) The still-air rainfall rate is 168 mfh = 3.24 mm
and sample volume is 6322 |.

The raindrops are modeled as oblate spheroids with theear sense, i.e., converted to fmr3) to give (Z). The
symmetry axis of the spheroids oriented vertically, and treverageZ,, is computed a$Z;) —(Z,), whereZ, andZ, are
dielectric constant of water at a temperature of A5 is separately averaged in linear sense. The specific attenuation
obtained at 3 and 10 GHz [31]. From each of the nine siz&, is averaged in units of dBkmt. Several algorithms are
spectra, we also computed rainrd®e(in still air) and mass- used to compute penetration-averaged rain{&te based on
weighted mean diamete{D,,,). The penetration-averagedZ; alone and based off;, and Z,,. For example{R) from
radar parameters were computed as follows from radar datgorithms based oi;,, such askR = aZ?, is obtained as
shown, for example, in Figs. 4(a) and (b) through 7(a) and (H):Z}) rather thana({Z,))* and similarly for (R) based on

For each segment, the radéy along the track is averaged (inZ;, and Zj,.
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Fig. 7. As in Fig. 4, except comparison is for the 1813 penetration [see Fig. 1(f)]. (d) The dashed line correspbnds.4¢ = 2436 exp(—1.58 Deg).
The still-air rainfall rate is 27.8 mmht, D,, = 2.5 mm and sample volume is 8312 I.

Fig. 8 shows the scatter plot of penetration-averaggdor where N is the number of penetration segmenté £ 9 for
(Z1)radap @nd computed from the size distributiofZ;,) 4sg)-  this and all subsequent scatter ploig)is penetration-averaged

The bias(B) is defined as ordinate values based on radar measurements, zgnis
1 (X N abscissa values based on penetration-averaged size distribution
B=+ {Z yi — sz} (1) calculations. In Fig. 8, the bias is or¥y0.41 dB. As discussed
i=1 i=1 in the Appendix, the CP-2’s radar constant was adjusted using
and the fractional standard error (FSE) as the technigue described in Chandrase&nal. [5] by using

L& 1/2 N time series data from August 24, 1991. The excellent bias
FSE= [_ Z(yz xz)Q] < [ ] (2) resultin Fig. 8 is due to this adjustment scheme, which com-
N~ paresR(Zy,, Za,) With R(K ;) in rainfall. Note that the CP-2
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Fig. 8. Scatter plot of (penetration-averaged) radar measufgd Fig. 9. Asin Fig. 8, except scatterplot of X-band specific attenuation)
({Z),-raday) Vversus Z, computed from (penetration-averaged) dsds shown.

n-dsd/ /- 40

radar’'s signal processor could not compliifg, in real-time
during CaPE. The August 24th data were obtained in a speciaks | From Jameson (1994) \
time series mode, where the complex video returns were stored
for each transmitted pulse and for each resolution volume. € ;1

The specific attenuation (at 10 GHz) scatter plot is showg

in Fig. 9. The B = —0.17 dBknT! and FSE = 40% 2 ,.| *, P
(corresponds to rms error of 0.49 dBKMH). As described in
the Appendix, a new range-filtering algorithm was used to sl + +

estimateA_ 544r[16]. Liu et al. [32] estimated the accuracy
of specific attenuation estimates using this algorithm to be s ' . . . . .
around=+0.25 dBknT?! by using vertical pointing data from 13 14 15 16 17 18 19 2
August 24, 1991, in homogeneous light rain conditions (where 10 (01 7 <zdr>_radan [7dr in Linear Scale]
the meanAw_ Shou_ld tend to .ze'ro, thus, rgveal'ng erl'Orﬁig. 10. Scatter plot of mass-weighted mean diameter computed from pene-
due to algorithm bias and statistical fluctuations). Note thadtion-averaged ds({D:n)qsg) Versus penetration-averaged radar measured
radar constant biases will not contribute to the error. In tHe: ({(Za:)radap in linear scale. The solid line is from simulations of

. . . Jameson [33].
narrow rainshafts (typically 2—4 km) of this present case, the

cumulative attenuation is not large (typically 10 dB), whiclygreement with Jameson'’s [Fig. 4(b)], which gives the average
makes it difficult to estimated, accurately. Aydinet al. actional error of the estimate ab,, inclusive of gamma

[14] estimated the accuracy of the algorithm to be aroungsyintion fluctuations and,, measurement errors\ Zg, ).
+0.5 dBknT ! (based on data from Colorado using the CP'@sing an average value @, _qsq= 2.55 mm from all nine

La(il_ar), V\r/]hich is cohnsilftent Witlh the resu_lts indFig. 9._ Weanetrations in Jameson's, Fig. 4 givaD, /D, = 10.1%
elieve these are the first results comparing radar estim § AZy = 0.1 dB) and 17.9% (forAZy, = 0.2 dB). Note

OT A d'r]fgtly W't.h rt.-;\rllrcraft ds? miﬁsurefm:ntt)z. 'I:[hesg éesu at the experimentally-derived FSE of 13.7% falls within the
give confidence in the new algorithm ot HUbbert and Bringy,,q ¢y ated values. These results are comparable to the only

[16], which is an iterative range-filtering technique using finitttaWo known earlier ground-based results of Ayeiral.[11] and

impulse response filters. I . , )
. . N oddard and Cherry [9] in light rainfall, who obtained FSE’s
Jameson [33] has derived a third-order polynomial fit relaf the range 10-15% for the prediction of median volume

. o )
ing D,, to Zg, (in linear scale). based orj gamma dsd’s .ané]lameter(Do) from radarZ,. measurements.
the a/b = 1.03 — 0.062D,, relation for axis ratio. The solid / . .
A ; . : L Several rainrate algorithms were tested next. These include
line in Fig. 10 shows this polynomial relation. This flgur% oo

he following:
also shows a scatter plot gf;,,)qsq (computed for each . _
of the nine WKA size spectra) versysu.)radar (@veraged 1) Z,-Rrelation from Sekhon and Srivastava [34] used by
Za: along the track from radar measurements) in linear scale. Jameson [33] in his simulation& = 0.0146(Z;,)%™;
Note that the experimental mean axis ratio vetBJg curve in 2) sixth order polynomial fit ofZ;,/R versus Zy. by
Fig. 3(a) is not used in constructing Fig. 10. The experimental Jameson [33]; and
data are in good agreement with Jameson’s [33] simulated3) relation proposed by Gorguceit al. [15] that fits the

result. The bias betwee® ,q4qr (Via the polynomial fit) parameters of a relatioR = CQZ',‘f 107%+ based on a
and D _4sqis only 0.07 mm, while the standard deviation cumulative distribution function (cdf) matching criteria
is 0.35 mm(FSE = 13.7%). This result of negligible bias for rainfall by using data from radar and raingages for

suggests that collision-induced large drop oscillations are a 1-h convective event that occurred on July 26, 1991,
not significant. The FSE value obtained here is in good during CaPE.
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Their fitted equation is R(Z},,Zq) = 0.01(Z,)0% 80
1079-377Za: . Note that in the above equatiod; is in
mmPm~—2, while Zg, is in decibels. The above three rainfall
estimates are termell(Z;,)gg (for Sekhon-Srivastava [34]),
R(Zy, Za)gjpam  (for Jameson [33]), andR(Zy,, Za:)cdf
(from Gorgucciet al. [15]).

Fig. 11(a)—(c) show the scatter plot of radar-based rain-
rates versugR)gysq using the three estimators. In Fig. 11(a), o0t " Bias = 206 mm
the B = 20.6 mmh™! and FSE= 70.4%. From the error FSE = 70.4%
simulations of Jameson [33] for the average fractional er- 20 40 60 80
ror (AR/R) versus D,,, the R(Z,)gg estimator gives a <R>_dsd, mm/h
FSE = 75% at D,, = 2.55 mm in good agreement with (@)
the measured FSE of 70.4%. TiB, measurement error in
the simulations were assumed to #4.0 dB. In Fig. 11(b),
the B = 0.33 mmh~!, a drastic reduction from the value of
20.6 mmit! in Fig. 11(a), which shows the added information
contributed byZ,,. The FSE is also reduced to 37.1% in
good agreement with simulated FSE of 42% in Jameson [33]
at D,, = 2.55 mm. Finally, in Fig. 11(c), we show the
results for(R(Zy, Za:))cgf- The B = 1.4 mmh~! and FSE= Bins — 0.33 M
31.8%; this FSE being the smallest among the three estimators 20 FSE = 37.1%
considered, perhaps, because the Gorgetcal. [15] estimator + ¥
is based on cdf matching for a rainfall event from the same 20 40 60 80
CaPE regime, as in the present study (convective rainfall <R>_dsd, mm/h
events from July 26 and August 8, respectively). The results (b)
obtained here for the FSE using(Z., Z4,) are consistent
with the raingage comparison reported by Aydihal. [13],
who obtained an FSE of 38% in a rainfall event lasting 30
min, with rainrates in the range 20—40 mmih

Two recent studies involvingd(y,, rainrate estimators were
compared against raingage accumulations over periods of
1-2 h in convective events known to contain small hail. In
the Aydin et al. [14] study, one event with one weighing
bucket raingage was analyzed for rainfall accumulation over + 4+ RE-alen |
an 80-min period usingR(Kq,) from the Colorado State 20 20 50 80
University (CSU)-CHILL radar andR(A,) from the CP-2 <R>_dsd, mm/h
radar. Both algorithms predicted the total gage accumulation ©
Pf 73 mm to W-ithin 10%. The.Ryzhkov and Zmic-[G] study ig. 11. (a) Scatter plot of (penetration-averaged) rainfall rate computed
'_nVOI\/ed 2-h ralnfall accur_nU|atlonS over 42 gages in a Squaﬁbrﬁ radar measured;, using the Sekhon and Srivastava [34] relation
line event with small hail. They report an FSE of aroung = 0.01462% 74! versus rainfall rate computed from (penetration-averaged)
200 fo [y, Z) estimators when comparing 2-h rainfalf (g, ()5 1,5) et i conesones o e e o
accumulations. BecaUSé{dp 1S mdependent of _th_e rrSldarordinate corresp(;Lnds to ngngf]all rateyfrom radar meésmgdand Zar 1qiven P
constant andz,, can be accurately calibrated to within 0.1 dBy Gorgucciet al. [15].

(because it is a differential power measurement), estimators
using both K4, and Zg, should outperform estimators thatmean diameter of the size distributiqd;,,) could be es-
useZ; and Zy,. This was pointed out nearly two decades agidmated with a mean bias of 0.07 mm and a standard de-
by Seliga and Bringi [35]. viation of 0.35 mm. These results are in excellent agree-
ment with Jameson’s [33] simulations for the average frac-
tional error in estimatind,,, (usingZ,,), considering gamma
VI. CONCLUSION size distribution fluctuations and measurement errors. Sev-

Coordinated analysis of aircraft 2-D-PMS probe observ&ral rainrate algorithms were considered, suchi?e%;,) and
tions of raindrops with multiparameter radar measuremenf&Z:, Za.). As expected, thei(Z;,) estimator gave FSE
in a multicellular storm have yielded valuable results cor¥0% and normalized bias- 55%. The R(Z;,, Zq,) estimator
cerning the accuracy of multiparameter radar estimates fedm Gorgucciet al. [15] gave FSE= 32% and normalized
D,, and rainrate and the accuracy of estimatidg from bias= 4%. The results using th&(Z;, Z4,) estimator from
dual-frequency reflectivity data. By analyzing nine aircraflameson [33] gave FSE 37% and normalized bias- 1%,
penetrations in rainshafts (with rates in the range 10-8hich are in excellent agreement with his simulations. The
mmh™1), it was determined that, using,,, the mass-weighted dual-frequency radar estimates df, using a new, adaptive

2 S

40t

<R(Zh)_SS, mm/h

80

60r +
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filtering algorithm described by Hubbert and Bringi [16] were The S-band radar constant of the CP-2 radar was adjusted
directly compared withd ., computed from size distributionsfrom the nominal value of 73.3 dB [39] using the technique
yielding FSE = 40% and normalized bias= 14%. The described in Chandrasekat al. [5], which is a variant of
rms error corresponds to 0.5 dBkm which is quite good the scheme discussed in Aydat al. [40]. The rain medium
considering the small cumulative attenuatior1Q dB) in is used as a “calibration” medium, i.e., rainrate computed
rainshafts considered here. from (Z,,, Zy:) is plotted versus rainrate fronk,,. Since
Raindrop axis ratios of nearly 3500 drops (withi,, is insensitive to the radar constant (being a differential
Deq > 1.5 mm) were estimated from the 2-D-PMS probg@hase measurement) auf}, can be accurately adjusted for
images and compared with the earlier results of Chandrasekgstem bias being a differential power measurement, any
et al.[7] from the High Plains. Good consistency was obtainedeviation of R(Zy, Zy.) from R(Kgy,) away from the 1:1
for the mean axis ratio versus,, relation between the High line can be attributed to the radar constant. Thus, by fine-
Plains (rainrate 1-15 mmHA) and Florida (rainrate 10—60tuning the radar constant, it is possible to correct for any
mmh~1!) data sets and with the model results of Beard arsystematic overprediction or underprediction BZ;,, Z,, ),
Chuang [2] for equilibrium-shaped drops. Drop oscillationselative to R(Kq,). Time series data were collected in a
were studied via a histogram of measurgd'b)/{a/b) for special data acquisition mode on August 24, 1991, in a squall-
all drops with D, > 1.5 mm. These showed excellentline-type rainfall event from whichiy, could be derived.
consistency between the High Plains and Florida data seélbis procedure resulted in an adjustment to the nominal radar
Most of the drops were observed to have axis ratios veepnstant of 3.73 dB, i.e., from 73.3 to 69.57 dB. Wilsen
close to their mean values (the mode of the histogram wals [39], using a scheme of intercomparing reflectivities from
close to unity), with oscillation amplitudes to be typicallythe three NCAR radars (CP-2, 3, and 4) in carefully selected
+10% in axis ratio for rainrates in the range 10-60 mmhh precipitation echoes, found that the CP-2 radar constant should
be adjusted downward by 1.5 to 3.0 dB, which is consistent
with the direction and magnitude of our adjustment of 3.73 dB.
The multiparameter fieldg;,, Z4., and A, are interpolated
APPENDIX onto a Cartesian grid by using the NCAR REORDER software

The NCAR CP-2 radar used in this study is described, f@ackage. A relatively fine spacing was used (250 min the three
examp|e, in Br|ng| and Hendry [36] The raw data from thdil’eCtiOﬂS). A Cressman Weighting scheme was used with a
radar analyzed here consists of range profiles of horizonta#p0-m horizontal radius and a 500-m vertical radius for data
polarized reflectivity(Z;,), the differential reflectivity(Zy,), acquired in PPl mode; for data in RHI mode, the horizontal
and the dual-frequency reflectivity ratio (DFR) at the twéadius was set to 500 m and the vertical radius to 250 m.
frequencies (10 and 3 GHz). The accuracy in estimates Bf¢ NCAR CEDRIC software was used to further analyze
Z;, (£1 dB) and Zg, (£0.25 dB) are standard (see, forand display the fields.
example, Doviak and Zrhi[37]). From the range profiles of
DFR, the specific attenuation at X-band is calculated using
an “adaptive” range-filtering technique described by Hubbert _
and Bringi [16]. In uniform rainfall, the accuracy iA, using _ 1he CP-2 radar was operated by NCAR during CaPE.
this method was determined to be arous@d.25 dBknT by The Umyersny of Wyomlng operated the King Alr aircraft.
Liu et al. [32]. In the small rainshafts (2—4 km) studied herd he assistance of Dr. L. Liu (formerly at CSU) in the radar

(with strong gradients), the accuracy is estimated to be arouiffa Processing is gratefully acknowledged. The authors also

+0.5 dBknT! (see Aydinet al. [14]). The A, can be related acknowledge useful discussions with Dr. W. Cooper and J.
to rainrateR via R = 54.6(A,)%%% (mmh1), which is a Fankhauser of NCAR and Prof. R. Srivastava of the University

temperature-averaged relation derived by Jameson [38]. ©f Chicago.
The system bias i, was evaluated using vertical inci-
dence observations under conditions of light rainfall, which REFERENCES
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