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ABSTRACT

Two rain events are analyzed using two collocated 2D-video disdrometers (2DVD) and a C-band polari-

metric radar at 15-km distance. Both events had moderate-to-intense rainfall rates, but the second event had

an embedded convective line. For the first event, the fall speed distribution for a given drop diameter interval

showed a narrow and symmetric distribution with a mode at the expected value; the second event produced

a wider distribution with a significant skewness toward lower fall speeds. The ‘‘slower’’ drops in the second

event were detected while the convective line was directly over the 2DVD site. Drop shape information from

the two 2DVD instruments showed that, during the passage of the convection line, around 30%–40% of the

drops did not have an axis of rotational symmetry, whereas for event 1, it was only 5%. The implications are

that for event 1 the dominant mode of drop oscillation is the axisymmetric mode, and that within the con-

vective line of event 2 other fundamental modes were frequent. The radar data for the second event were

analyzed in terms of the self-consistency among the radar-measured quantities. The Kdp/Zh versus Zdr var-

iations within the line convection were not consistent with the corresponding variation determined from the

scattering calculations using the measured 1-min drop size distributions and using the ‘‘reference’’ drop

shapes. Also found were low rhv regions within the line convection that were considerably lower than the

scattering calculations. These findings are consistent with the asymmetric oscillation modes inferred from the

2DVD measurements for event 2 (probably collision induced) within the convective line.

1. Introduction

The fall speed of raindrops as a function of drop di-

ameter is important in cloud physics and forms a funda-

mental basis for radar-based estimation of rain rate. The

laboratory data of Gunn and Kinzer (1949; henceforth

GK) for fall speed (of water drops in still air), and the fits

to their data, continue to be widely recognized as the

‘‘standard’’ against which to compare measurements

made withmoremodern optical techniques (e.g., L€offler-

Mang and Joss 2000; Barthazy et al. 2004; Sch€onhuber

et al. 2008). These latter optical disdrometers are capable

of measuring both drop shapes and their fall speeds,

which in turn allows for determining if there is any cou-

pling between the two, especially in moderate-to-intense

rain rates where drop oscillations may be expected to

significantly affect the drag force relative to spherical

drops in still air. Additionally, the distribution of fall

speeds for a given diameter is also relevant. One might

expect aGaussian distribution centered on theGKvalues

because of turbulence, but significant skewness might

result as reported herein for larger drops in intense

rainfall (under certain conditions such as embedded line

convection). We note that an opposite skewness (i.e.,

toward higher fall speeds) for tiny drops (diameter D

near 0.4mm) was found by Montero-Martinez et al.

(2009) related to drop breakup. Since a theoretical

treatment is lacking at present, we must rely on high-

quality (i.e., well calibrated and accurate) disdrometers
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capable of simultaneously measuring drop volume, fall

speed, shape, and orientation angles in natural rainfall.

The 2D video disdrometer (2DVD) is, to the best of our

knowledge, the only instrument that is capable of pro-

viding such data (Sch€onhuber et al. 2008) for moderate-

to-large-sized drops (D $ 1.5mm). For example, the

80-m fall experiment involving artificially generated drops

up to 9.5mm in (equivolume) diameter showed excel-

lent agreement of fall speeds with that of GK up to 6mm

(Thurai and Bringi 2005). Beyond 7mm a decreasing

trend in fall speed was found, perhaps because of an in-

crease in drag due to large drop distortion (i.e., related to

large-amplitude oscillations).

Regarding drop shapes for D in the range 2.5–7mm,

the ‘‘average’’ shapes determined from a large sample of

individual ‘‘snapshots’’ made with the 2DVD were in

excellent agreement with wind-tunnel-derived ‘‘dy-

namic’’ equilibrium shapes determined by high-speed

imaging of individual drops as they go through many

cycles of oscillation (Szak�all et al. 2009; Thurai et al.

2009b). From a frequency analysis of the time series of

axis ratios, Szak�all et al. found that the dominant mode

of oscillation (for D . 2.5mm) was the axisymmetric

(oblate–prolate) mode, with small-amplitude transverse

modes also beingmixed in (e.g., Foote 1973; Beard 1984;

Feng and Beard 1991). The highly symmetric axis ratio

distributions (about the equilibrium value) from the

80-m fall bridge experiment also support, indirectly, the

dominance of the axisymmetric mode forD. 2mm (see

also Kubesh and Beard 1993). We refer to the review

articles of Szak�all et al. (2010) and Beard et al. (2010)

and references contained therein for a fuller description

of drop shapes and oscillation modes. In brief, Beard

and Kubesh (1991) describe the three distinct funda-

mental frequency oscillation modes: (i) the aforemen-

tioned axisymmetric (spherical harmonic n 5 2, m 5 0)

mode, (ii) the transverse oscillation (n5 2,m51) mode,

and (iii) the horizontal (n 5 2, m 5 2) mode.

While the recent wind-tunnel and 80-m fall bridge

data form a valuable reference regarding fall speeds,

shapes, and dominant oscillation modes, data in natural

rain are more limited, especially under a wide range of

rain rates. In a significant field study using camera-

recorded fall streaks and strobe lights to infer drop os-

cillations and fall speeds (and a disdrometer to measure

drop size distributions and rain rates), Tokay and Beard

(1996) concluded that persistent oscillations for larger

drops (D . 2.0mm or so) ‘‘is a consequence of changes

in drag that should produce a positive feedback to os-

cillations of fundamental oblate–prolate mode.’’ High-

speed imaging of drop oscillations and fall speeds in one

light rain rate (1mmh21) event by Testik et al. (2006)

showed evidence of multimode oscillations (see Fig. 3 of

Testik et al. 2006) for drops in the range 1.5–2mm, with

a small decrease in fall speed (around 10%) from GK.

They wrote that the decrease in fall speed is ‘‘possibly

due to increased drag force induced by large amplitude

oscillations.’’ Deviations of axis ratio distributions from

the reference 80-m fall bridge data have been observed

in one convective rain event in Huntsville, Alabama,

during different periods of the storm passage over the

2DVD site (Thurai et al. 2009a). Here the axis ratio

distribution for the 3.5-mm-sized drops was found to be

wider with positive skewness (toward sphericity) ob-

served during the high-rain-rate period (.50mmh21) as

opposed to the more ‘‘normal’’ axis ratios during the

lower-rain-rate period. The wider distribution and pos-

itive skewness during the high-rain-rate period was

inferred to be a result of mixed-mode oscillations (axi-

symmetric mixed with transverse mode; see also Beard

1984). Simultaneous polarimetric radar data, when

compared with drop-by-drop scattering simulations

from the 2DVD (usingmeasured shapes and orientation

angles; see Huang et al. 2008 for the latter), were found

to be in good agreement during the different rain-rate

periods. Indeed this study highlighted the possibility of

‘‘significant’’ deviations of axis ratios from the usually

assumed model in natural rain under certain conditions

(e.g., Beard and Chuang 1987; Brandes et al. 2002).

In this paper, we report on an in-depth analysis of two

cool season precipitation events that occurred within

7 days of each other in Huntsville: (i) one event con-

forming to the 80-m fall bridge data regarding drop axis

ratios and fall speeds and (ii) the second event showing

significant deviations, in particular with regard to fall

speeds and drop shapes within one period of the storm

passage over the 2DVD site. Measurements were made

using two collocated (i.e., a few meters apart) and ac-

curately calibrated 2DVDs as well as a C-band polari-

metric radar [Advanced Radar for Meteorological and

Operational Research (ARMOR); Petersen et al. 2007]

located 15 km from the 2DVD site. The measurements

were part of an ongoing long-term campaign.

Our paper is organized as follows. A brief description

of the two precipitation events is given in section 2 based

on radar reflectivity images and on the embedded con-

vective line that dominated the second event. The

2DVD measurements of fall speeds are discussed in

detail in section 3 focusing on the differences between

the two events. Section 4 deals exclusively with the

second event describing the polarimetric radar data (re-

flectivity Zh, differential reflectivity Zdr, and specific dif-

ferential propagationphaseKdp), especially the differences

observed within the embedded convective line as opposed

to the widespread precipitation surrounding the line. Sec-

tion 5 discusses our findings by combining the 2DVD data
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with the polarimetric radar data, along with prior refer-

enced work. The paper ends with a summary of observa-

tions and our inferences related to coupling of the slower

fall speeds in event 2 with mixed-mode oscillations.

2. The two events

The two events, which occurred on 18 and 25 De-

cember 2009, were of long duration lasting several

hours. Figure 1 shows the composite radar images of the

two events around the Huntsville area. The white cross

in both panels marks the 2DVD location. In both cases,

the event had high reflectivities, but for case 2 a well-

defined thin line of embedded convection can be seen

crossing the Huntsville area. The first event was associ-

ated with an overrunning rainfall event from a warm

front moving north from the Gulf of Mexico, whereas

the second event was associated with a prefrontal rain-

band similar to that which occurs with cold fronts aloft

(Hobbs et al. 1996). Both events had relatively high

rainfall accumulations. Table 1 compares the daily totals

from the two 2DVD units and from a Geonor rain

gauge, also collocated. There appears to be no percep-

tible bias (less than a few percent) in the rain accumu-

lation estimates. The time series of rain accumulation

from the 2DVDs and the Geonor are considered later in

the next section when discussing the accuracy of the

2DVD-based fall speed measurements.

FIG. 1. Composite radar images of the two events considered in this study. The white plus

signs show the location of the two 2DVDs in Huntsville. The ARMOR is situated 15 km away

in the southwest direction. Note the embedded line convection crossing the 2DVD location in

the case of the event on 25 Dec 2009 (event 2).
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In terms of wind speeds at 10-m height, event 1 reg-

istered average speeds in the range 2–5m s21 with

a maximum of up to 7m s21, whereas event 2 registered

average speeds of 8m s21 during the convective line

passage, with a maximum of 13m s21.

3. 2DVD measurements

The two units used here are the ‘‘low profile’’ and the

third-generation compact versions (which are similar in

design), as opposed to the ‘‘tall’’ unit for which Ne�spor

et al. (2000) have shown that wind-flow blockage by the

instrument can cause local effects over the sensor area in

high wind situations. While the wind blockage effects

have not been modeled for these low-profile units, they

are expected to be very much less than for the tall unit.

High horizontal winds will affect the small drops causing

the virtual measurement area to be filled only partially

(see appendix of Schuur et al. 2001); such partial filling

was not observed in either instrument for the two events

(see also Godfrey 2002).

The 1-min drop size distribution (DSD) measurements

from one of the 2DVD units are shown in Figs. 2a and

2b for the two events. The first event lasted over 18 h,

having drops with equivolume diameter Deq up to 4.5–

5mm. The second event, which also had large drops,

lasted for over 4 h, but within a 10-min period there

were drops as large as Deq of 6mm. The black (upper)

points in Figs. 2a and 2b represent the mass-weighted

mean diameter determined from the 1-min DSD and

the gray (lower) lines represent the standard deviation

of the mass spectrum.

The 2DVD measures the drop fall speed (i.e., the

vertical velocity component) for each drop falling

within the sensor area, as well as the shape, size, and

orientation. Figures 2c and 2d show the measured fall

speed versus Deq for the two events. In each case, the

orange points represent the mean velocity6 1 standard

deviation from the low-profile 2DVD and the green

points represent those from the compact 2DVD. The

dashed curve represents the expected variation based

on the equation given in Atlas et al. (1973), which is a fit

to the GK data at ground level. The fall velocity mea-

surements for the first event lie close to the expected

curve, but the second event shows significantly lower

fall speeds, particularly for the larger drops, namely,

forDeq . 3mm. Note that fall velocity from the 2DVD

is a direct measurement by matching drops from cam-

era A and B; that is, fall velocity is based on the cali-

brated distance between the two light planes divided by

the time required for the same (i.e., matched) drop to

‘‘hit’’ the top light plane and then the bottom light plane

(Sch€onhuber et al. 2008). The horizontal drop velocity

component does not enter into this calculation.

The distributions of the measured vertical velocity

for all the 3-mm drops (to be precise, 3 6 0.1mm) for

both events are shown in Fig. 3. The number of drops in

this size range was sufficient to derive a probability

distribution function–like distribution. While the his-

tograms for larger-sized drops tended to be more

‘‘noisy,’’ they also showed negative skewness. For each

of the two events, the two instruments show good

agreement (thus providing confidence in the accuracy of

the 2DVD measurements) but the two events are mark-

edly different from each other. Whereas for event 1, the

distributions are narrow and symmetric and have

a mode close to the expected fall velocity for Deq 5
3mm (8m s21), the second event shows a wider distri-

bution with a noticeable negative skewness. While both

events had different wind conditions, the skewness for

the second event (25 December 2009) cannot be ex-

plained easily. Note that Huang et al. (2010) have

simulated the effect of mismatched drops on the fall

speed and equivalent diameter of 3-mm spherical par-

ticles. They show that mismatching would preferen-

tially cause positive skewness in the fall speeds, which is

opposite to the skewness noted for the second event in

Fig. 3. In general, larger-sized drops (Deq . 1.5mm)

are much easier to match as compared to tiny ones

given the finite instrument resolution (around 0.16mm)

along with their high concentration and near-spherical

shapes.

As mentioned earlier, the 2DVD records the con-

toured information about each individual hydrometeor

falling through its sensor area. Each of the drop images

also has the corresponding ‘‘time stamp’’ recorded and

hence it is possible to examine the time series of the drop

fall velocities as the event passes over the 2DVD site.

Figures 4a and 4b show the fall velocity–time plots from

the two instruments for the two events for a 4-h period.

For event 1, the fall velocities lie close to the expected

value (7.9–8m s21) throughout the 4-h time period, but

for event 2, relatively large fall velocity fluctuations

occur between 0330 and 0350 UTC, with a significant

TABLE 1. Total rainfall (mm) from the two 2DVDs and from the

collocated Geonor rain gauge.

Date

Low-profile 2DVD

(SN-16)

Compact 2DVD

(SN-25) Geonor

18 Dec 2009

(event 1)

35.5 .33.2* 34.5

25 Dec 2009

(event 2)

26.2 24.4 25.4

* Some loss of data for several minutes as a result of a minor in-

strument problem.
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proportion of the drops having lower than the expected

velocities.1 Outside this time range, the 3-mm drop ve-

locities showmuch less variation and are centered around

the expected value (as was the case in the first event). To

confirm that there were no instrument problems, in Figs.

4c and 4d we present plots for the second event generated

from each of the two instruments. In both sets of mea-

surements, the same behavior was observed. The negative

skewness for the second event seen earlier in fall velocity

distributions (Fig. 3) arises primarily because of the

‘‘slower’’ 3-mm drops captured between 0330 and 0350

UTC. This is significant, and cannot be dismissed as being

due to any instrument ‘‘calibration problems.’’ In Fig. 5a

we show the 1-min wind speeds at 10-m height (solid line)

for the 25 December 2009 event, along with the 3-mm

drop fall speeds (plus signs). There is no correlation be-

tween fall speed and wind speed. We also show (Fig. 5b)

the same figure except zoomed in to cover the time period

of the line passage. Again, there is no correlation between

wind speeds and 3-mm fall speeds. To reemphasize the

FIG. 2. (a) The 1-min drop size distribution for the first event; (b) as in (a), but for the second event. (c) Themeasured

fall velocity vs equivalent drop diameter for the first event 1; (d) as in (c), but for the second event.

1Drops with larger Deq showed similar behavior and are not

presented here.
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above point, we show in Fig. 5c the histograms of the 3-

mm fall speeds conditioned by wind speeds greater than

and less than 7ms21. There are no systematic differ-

ences between the two histograms, confirming no

correlation with wind speeds. Note additionally that

the wind speed at 30–40 cm above ground level (the

height of the 2DVD sensor area) will be much lower

than the 10-m wind speeds. Wemust also reiterate here

that fall speed from the 2DVD is based on the time

taken for the drop to fall between the two light planes

and has nothing to do with the drop’s horizontal velocity

component. This was shown clearly in Sch€onhuber

et al. (2008, 14–15), and is the basic principle behind

having two optical planes with precisely calibrated

vertical offset including any small nonparallelism be-

tween the two planes. In practice, mismatching of small

drops (D , ;0.8mm) can cause false ‘‘fall speed’’ esti-

mates, but certainly not for larger drops (D.;1.5mm),

which can be easily matched, since the larger drops will

have more scan lines and pixels defining them (from

each camera) and their number concentrations are con-

siderably less.

The data in Fig. 4 represent the actual fall speed, with

no contribution from the wind-induced horizontal

component [see Eq. (1) in Sch€onhuber et al. 2008].

Further, the fall speed is used to calculate the vertical

dimension of the particle and hence its volume, which in

turn is used to calculate the rain rate from the volume

flux per unit time. To confirm the accuracy of the volume

flux measurements, Figs. 6a and 6b compare the rain

accumulations from the 2DVD and the collocated

Geonor rain gauge measurements, for the 4-h time periods

for events 1 and 2. For clarity, measurements from only

one of the 2DVD instruments are compared. As seen,

the agreement with Geonor is excellent in both cases.

However, it should be noted that the Geonor gage

datalogger’s internal time stamp was found to be biased

relative to the 2DVD units, which were time stamped

via an external time server. The Geonor time profile of

accumulation (only available as 10-min accumulations)

curves in Fig. 6b as well as Fig. 6a have been shifted by

10min to align the fast rise in accumulations between

the two instruments as far as possible. Even so, if the fall

velocity measurements from the 2DVD were not accu-

rate, the drop vertical dimensions would have been in

error, and hence the resulting drop volume. The agree-

ment with the Geonor rain gauge in terms of the rain

accumulations show there is no systematic error in the

fall speed and the related drop volume. Figure 6c com-

pares the 30-min rain accumulations (as a bar graph)

from the two 2DVD units and the Geonor rain gauge.

During the 30-min period between 0330 and 0400 UTC,

the accumulations were 11 and 9mm for the low-profile

and compact 2DVDs as compared with 10.1mm from

the Geonor gage. These comparisons are as close as

those reported in Duchon (2008).

Because the images from the two orthogonally placed

cameras are obtained from a sequence of line scans, the

images often appear skewed when the drop has finite

horizontal component of velocity and/or if the drop

is canted. As long as the drop possesses an axis of

symmetry, the deskewing algorithm described in

Sch€onhuber et al. (2000) and elaborated in Huang et al.

(2008) provides for restoration of the images in the two

views, as well as an estimation of the canting angles

(departure of the symmetry axis from the vertical di-

rection) in the two restored images. The deskewing al-

gorithm was shown to work effectively for drops

(.2mm) for data collected from the 80-m fall bridge

experiment reported on by Huang et al. (2008). More-

over, the symmetry of the axis ratio distributions (about

the equilibriumvalue) implied that the dominantmode of

oscillation was the axisymmetric (2,0) mode (spherical

harmonic n 5 2, m 5 0). Such was the case even for the

Enhanced Fujita scale 2 (EF2) tornadic event, which

occurred on 21 January 2010 in Huntsville, as reported in

Thurai et al. (2010), which showed fall speeds close to the

GK curve and drop shapes thatwere similar to those from

the 80-m fall experiment.

For the first precipitation event, it was determined

that 95% of the 3-mm-sized drop images could be suc-

cessfully deskewed, whereas for the second event it was

considerably lower. In particular, during the 10-min

period that showed large fall speed fluctuations (0330–

0340 UTC, see Fig. 4) only 60%–70% of the images

could be successfully deskewed. It may be inferred that

FIG. 3. Distribution of measured fall velocities of all 3-mm drops

from the two 2DVD measurements for events 1 and 2. The dotted

black vertical line indicates the expected fall velocity for the 3-mm

drops in a standard atmosphere.
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30%–40% of the images could not be deskewed by the

algorithm probably because the drops did not possess an

axis of symmetry.2 The main implication here is that

these drops are unlikely to be undergoing the normally

observed axisymmetric (2, 0) oscillation mode alone.

Table 2 shows the percentage of ‘‘nondeskewable’’

drops for various drop diameter intervals for the period

0330–0340 UTC for event 2. The percentage seems to

increase with diameter for Deq up to 3mm and remains

somewhat the same for Deq up to 4.5mm; beyond this,

a small decrease can be seen.

Wind effects such as shear-induced turbulence at the

surface (assumed isotropic) cause rms canting angles with

mean close to 0 and s , 58 as shown theoretically by

Beard and Jameson (1983). There is no indication that

turbulence would induce sustained drop oscillations.

Further, the histograms of drop fall velocities, when

compared for cases when the 10-mwind speeds exceeded

7ms21 and cases for when less than 7ms21, showed no

apparent bias nor any systematic differences, confirming

no correlation of drop fall speeds with the 10-m wind

speeds.

It was also possible to exclude other hydrometeors

(such as low density graupel and other partially melted

hydrometeors) by comparing the fall speed distributions

separately for the deskewable and nondeskewable par-

ticle images. If the negative skewness in the fall speeds is

caused by such particles, it would have resulted in dif-

ferent fall speed distributions between the deskewable

and nondeskewable cases.

4. Radar observations for event 2

The composite image in Fig. 1b shows that event 2 had

an embedded convective line passing over the 2DVD

FIG. 4. The measured fall velocity of each individual 3-mm drop as time series (a) for event 1 from both in-

struments, (b) for event 2 from both instruments, (c) for event 2 from the low-profile 2DVD, and (d) for event 2 from

the compact 2DVD. The fall-speed measurement error for this diameter is 60.08m s21 (see Table 2 of Sch€onhuber

et al. 2008).

2Note, however, that the volume and fall speed measurements

are not affected by the ‘‘nondeskewability’’ of the drop images.
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site. The nearby C-band polarimetric radar, ARMOR,

made routine observations during this event consisting

of a sequence of plan position indicator (PPI) scans.

Figure 7 shows a set of panels of 1.38 elevation PPI scans

taken at 0305, 0340, and 0355 UTC. The first column

shows Zh (attenuation corrected), the second column

shows Zdr (also attenuation corrected), and the last

column shows Kdp. The processing and the attenuation-

correction procedures used here are very similar to

those described in Bringi et al. (2011). The Zdr is

corrected using the method described by Tan et al.

(1995), which is a gate-by-gate correction method

based on a nonlinear relation between the differential

attenuation Adp and Kdp. Because of the presence of

large drops observed with the 2DVD, a ‘‘tuned’’ Adp–

Kdp relation that is based on the disdrometer DSD

data was used for correcting Zdr due to differential

attenuation. For our ‘‘reference’’ drop shapes, this

gave rise toAdp5 0.009Kdp
1.71, which is based on a fitted

equation for Kdp . 0.78km21. Note the exponent is

unusually large relative to the values reported in the

literature.

At 0305UTC, the embedded convective line is seen to

the west of the radar. High Kdp values are seen in the

middle of the convective line. This line moves from

southwest to northeast, and at 0340 UTC the line can be

seen to lie directly over the 2DVD site, marked with

a black asterisk. It is around this time that the 2DVD

measurements (Figs. 4c,d) show the larger fall speed

FIG. 5. (a) Time series of 3-mm drop fall velocity (plus signs) and

wind velocity (curve) at 10-m height for the 25 Dec 2009 event; (b)

as in (a), but zoomed in to cover the time period of the line passage.

(c) Histograms of the 3-mm fall speeds for wind speeds . and

, 7m s21. Note also that the wind speed at 30–40 cm above ground

level (the height of the 2DVD sensor area) will bemuch lower than

the wind speeds at 10-m height.

FIG. 6. Comparisons of rain accumulations from theGeonor rain

gauge and the low-profile 2DVD for a 4-h period for (a) event 1 and

(b) event 2. (c) The 30-min accumulations for event 2.
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fluctuations resulting in ‘‘slower’’ speeds and the skewed

distribution in Fig. 3. At 0355 UTC, the line moves

farther to the northeast and is seen to be fragmenting

and/or decaying. At 0305UTC, that is, when the line was

well defined and well organized, the Zdr correction

procedure fails to correct for the total differential at-

tenuation beyond the convective line, even when using

the aforementioned Adp–Kdp relation. At 0340 UTC,

there still remains the differential attenuation correc-

tion problem beyond the line convection. At 0355 UTC,

when the line begins to disintegrate, it becomes pos-

sible to restore Zdr consistent with the Zh values in

light rain.

Values of hail signal HDR (Aydin et al. 1986) were

computed within the line convection and the upper

bound was found to be close to 0 dB with significant

numbers of pixels with HDR , 210 dB. This largely

eliminates the probability of moderate-to-large-sized

hail (D . 1 cm) (see Bringi and Chandrasekar 2001).

The high Kdp values within the convective line certainly

indicate that heavy rain is the dominant component of

the precipitation.

Since the ARMOR operates in the simultaneous

transmit and receive mode, one needs to consider bias

errors in Zdr due to cross coupling mainly by the an-

tenna in our case (Zrni�c et al. 2010; Hubbert et al.

2010a,b). It is reasonable to assume that the newer

ARMOR antenna has peak off-axis cross-polarization

levels of 230 dB or lower with the lobes occurring

symmetrically in the 458–1358 planes. In such a case,

Zrni�c et al. (2010) estimate the worst-case bias error in

Zdr to be ,0.1 dB.

On the other hand, from Fig. 12 of Hubbert et al.

(2010a), and for a conservative linear depolarization

ratio system limit of 230 dB for ARMOR, the magni-

tude of the bias error is expected to be ,0.25 dB at udp

of 908 (and for slant 458 linear transmit) and,0.6 dB for

circular polarization transmit at udp 5 0. We note that

Hubbert et al. do not account for phase of the cross-

polar lobes being 1808 out of phase with each other

(four-lobe model).

Another possible error source is due to beam block-

age, which was determined to be negligible from the

occultation map at the 1.38 elevation angle for the ob-

served refractive conditions on 25 December 2009 at

0300 UTC. Additionally, the rain-accumulation map for

this entire event, evenwith a simpleZ–R relation did not

show any artifacts due to clutter.

The radial velocity plots associated with this event

are shown in Fig. 8, taken from the 1.38 elevation PPI

scans at 0305 UTC (left panel) and 0340 UTC (right

panel). In both cases, a narrow convergence zone at the

leading edge of the convective line is present (dash–

dotted line). At 0305 UTC, the thin line of radial con-

vergence is apparent west of the radar as well as the

2DVD site (marked with a plus sign). This narrow zone

of convergence marks the outflow boundary produced by

the convective line. At 0340 UTC, 35min later, the out-

flow boundary hasmoved east of the 2DVD site while the

core of the convective line is positioned directly over the

2DVD site. Between the core of the convective line and

its outflow boundary, at 0340 UTC is a small region near

the 2DVD site (enclosed by the box) consisting of both

radial divergent and convergent signatures, which are

associated with the wavelike features present behind

outflowboundaries (Wakimoto 1982). Since the elevation

angle of the ARMOR scan was only 1.38, the horizontal

motions within the convective line contribute largely to

the measured radial velocity patterns around the 2DVD

site at 0340 UTC.

Temperature recordings at ground level at the 2DVD

site showed a decrease from 128 to 108C during passage

of the convective line. The height of the melting level

was estimated to be around 2 km, based on the 28 ele-
vation PPI scans of the copolar correlation coefficient

(not shown here). The 0000 UTC soundings showed the

08C height of around 3.0 km. The pressure at 2m MSL

ranged from 1005 to 1003 hPa during the passage of the

embedded line convection.

5. Discussion of combined radar and 2DVD results

Thus far, we have observed the following with respect

to the second event:

d At around 0340 UTC, the 2DVDmeasurements show

significant negative skewness (toward slower speeds)

TABLE 2. Percentage of drops with no rotational symmetry axis for

event 2 between 0330 and 0340 UTC.

Deq range (mm) No. of drops

Percent of nondeskewable

drop images

1.5–1.75 1553 16

1.75–2.0 1297 18

2.0–2.25 997 23

2.25–2.5 728 28

2.5–2.75 575 30

2.75–3.0 396 29

3.0–3.25 329 35

3.25–3.5 275 31

3.5–3.75 194 31

3.75–4.0 135 32

4.0–4.25 92 30

4.25–4.5 55 31

4.5–4.75 40 25

4.75–5.0 31 28

5.0–5.25 17 24
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in the fall speed distributions (e.g., for the 3-mm and

larger drops).
d A large fraction of these drops are inferred to have

shapes without an axis of rotational symmetry.
d Radar PPI scans show an organized narrow line

convection crossing the 2DVD site at this time, with

a convergence zone ahead of the line.

d Large Zdr and higher-than-expected differential at-

tenuation (between H and V polarizations) within the

line convection.

The above can be potentially explained if we assume

that the drops—within the line convection—are un-

dergoing mixed-mode oscillations (axisymmetric plus

FIG. 7. PPI scans of (left) attenuation-corrected Zh, (middle) attenuation-corrected Zdr, and (right) Kdp, taken at (top to bottom) 0305,

0340, and 0355 UTC. The 2DVD site is marked with an asterisk sign along azimuth 528 and range 15 km.
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horizontal oscillation modes). Mixed-mode oscillations

have been observed in several wind-tunnel studies.

Some early examples are Blanchard (1950), Brook and

Latham (1968), and Nelson and Gokhale (1972). Addi-

tionally, Goodall (1976) conducted a microwave scat-

tering study (both horizontally and vertically polarized)

of drop oscillations in a wind tunnel and found strong

evidence of horizontal-mode oscillations. Feng and

Beard (1991) developed a perturbation model for deter-

mining the oscillation mode frequencies and compared

their model predictions with the previous wind-tunnel

data (see their Fig. 7). Further, based on Fig. 13 of Beard

et al. (2010), it would seem that the energy required to

maintain horizontal-mode oscillations (against viscous

dissipation) is much lower than for the transverse mode

(for D , 2mm). It is reasonable to expect the same

tendency to hold for larger-sized drops.

The 2DVD images of the drops can be considered to be

instantaneous ‘‘snapshots’’ because the line scan camera

speed is much higher than the drop oscillation frequency.

It is therefore possible to extend our estimates (quoted in

the last two paragraphs of section 3) of the percentage of

drops without a rotational symmetry axis to a percentage

of time that a given drop ‘‘spends’’ in the horizontal os-

cillation mode. For the first event, this percentage was

low (around 5%) throughout the event. For event 2, this

percentage is as much as 30%–40% during the passage of

the line convection. This percentage of drops was found to

be somewhat independent of drop size (see Table 2). Since

the horizontal mode possesses no axis of rotational sym-

metry during its oscillation cycle, the 30%–40% figure

strongly suggests that a significant component is due to the

horizontal-mode oscillations. If so, one could expect a pos-

sible increase in the time-averaged drag force (due to in-

creased effective area presented to the flow), which in turn

would explain the negative skewness of the fall velocity

distribution. Note that in still air the fall speed response

time is approximately 0.5–1 s (from Pruppacher and Klett

1997), which is slower than the drop oscillation frequencies,

which are around 10–30Hz for the horizontal mode [see,

e.g., Fig. 11 in Beard et al. (2010) forD. 3mm]. However,

as Pruppacher and Klett (1997) indicate, ‘‘If a drop is de-

formed, the drag and thus the terminal velocity are func-

tions also of the amount of the drop’s deformation.’’

One method of sustaining horizontal-mode oscilla-

tions is drop collisions in moderate-to-intense rain rates.

Beard and Johnson (1984) have modeled the effects of

such collisional forcing on the average axis ratios and

found that the horizontal mode does indeed give rise to

more oblateness as compared with axisymmetric mode,

especially for rain rates . 30mmh21. The effect on Zdr

was also computed and shown to have a significant

FIG. 8. Radial velocity (m s21) measured by ARMOR at an elevation of 1.38 at (left) 0305 and (right) 0340 UTC 25 Dec 2009. A narrow

convergence zone at the leading edge of the convection line is present (dash–dotted line) near the 2DVD site (plus sign; right panel). The

inset picture in the right panel is an enlarged image of the radial velocity in the region enclosed by the box in the right panel.
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increase for horizontal mode as opposed to the axi-

symmetric mode. It follows that the inference of rela-

tively frequent horizontal-mode oscillations from the

2DVD data during the passage of the convection line in

event 2 should be reflected in the polarimetric radar

measurements. To verify whether this is the case, we

adopt the procedure described in Gorgucci et al. (2006).

The method uses the variation of x 5 10 log10(Zh
linear/

Kdp) with Zdr to assess the ‘‘effective’’ drop axis ratios

from the radar measurements, where Zlinear
h is Zh in

linear units. The advantage of this method is that the

term x is somewhat independent of the drop size dis-

tribution. However, for the method to be applicable,

both Zh and Zdr need to be very accurately calibrated,

and furthermore, proper attenuation correction pro-

cedures must also be applied. In our case, the calibration

of Zh and Zdr were established by comparing the radar

data extracted over the disdrometer site with corre-

sponding 2DVD measurements collected well after the

line of convection had passed over the 2DVD site, that

is, between 0400 and 0500 UTC. The calibration factors

were found to be relatively steady throughout the hour

for bothZh andZdr. (The PPI scans given in earlier Fig. 7

represent radar data after applying the calibrations as

well as attenuation corrections.)

Figure 9 shows the variation of x with Zdr determined

for the 0340 PPI scan data, taken only within the line

convection region (since the above mentioned Adp–Kdp

relation failed to adequately correct for differential at-

tenuation beyond the line). Superimposed (as white

dots) are the scattering calculations using the measured

drop size distributions from the two collocated dis-

drometers and the drop shape model given in Thurai

et al. (2007). To simulate the noise in radar measure-

ments, we have added Gaussian noises to Zdr and Kdp

with standard deviations of 0.2 dB and 0.18 km21, re-

spectively. As seen, the simulation points do not traverse

the most probable variation and in fact lie toward the

lower Zdr direction; that is, the measured Zdr is higher

than the expected values if one assumes the above drop

shape model. The presence of more oblate drops (on

a time-averaged basis) is indicated, which is also with

what the 2DVD measurements had indicated earlier

(albeit at ground level); that is, 30%–40% of the drops

were undergoing mixed-mode oscillations.

Additional evidence for mixed-mode oscillations was

also provided by the copolar correlation coefficient rhv
data (not shown here). The scattering calculations

mentioned earlier had resulted in expected rhv values as

low as 0.95 (which includes non-Rayleigh effects). The

low values arise because of the wide DSDs with large

drops, which in turn will result in wide axis ratio distri-

butions. This was shown in a case study (Thurai et al.

2008) in Ontario that clearly indicated a rhv dip at

C band when wide DSDs were recorded by a 2DVD.

The calculated rhv dip was consistent with the radar

measurements for that case. However, for the event

relating to Fig. 9, rhv dips were considerably lower than

the expected values; that is, instead of 0.95, the radar

data showed values down to 0.8 (and occasionally even

lower) within the line convection. Such low values are

consistent with the notion of mixed-mode oscillations.

The fundamental drop oscillation modes are always

present [as shown by Szak�all et al. (2010) from wind-

tunnel measurements], but under normal atmospheric

conditions, the (2, 0) mode dominates. The 2DVD

measurements of drop shapes in numerous locations

have also shown this to be the case. The most probable

explanation for event 2 reported in this paper is sus-

tained drop collisions within the convection line, which

causes the other two modes to increase in amplitudes.

High-speed video imaging of drop collisions between

a ;3-mm drop and a much smaller drop (the most

probable collision scenario) conducted using the wind-

tunnel facility has already revealed that the larger drops

exhibit transient shapes upon collision that last at least

for 0.3 s, for both coalescence and noncoalescence cases.

If collisions occur typically at a rate of 0.2 s21 [for 3-mm

drops in a 55-dBZ reflectivity rain column, from Rogers

(1989)], then it is conceivable that collisions can sustain

FIG. 9. Frequency of occurrence of the quantity 10 log10 (Kdp/Zh)

as a function ofZdr for the second event extracted from the C-band

radar data within the line convection region. For comparison,

simulations based on the measured 1-min drop size distributions

are shown as white points using our standard drop shape model

[given in Eqs. (1) and (2) in Thurai et al. 2007]. Gaussian noise has

been added to both sets of scattering simulations.
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drop oscillations (against viscous dissipation) for a sig-

nificant fraction of the 3-mm drops. This has also been

hypothesized in Jameson and Durden (1996) from air-

borne measurements of copolar and cross-polar

backscatter from tropical storms. For event 2, high rain

intensity within the narrow line convection significantly

increases the likelihood of drop collisions. Moreover,

in the case of rain clustering (see, e.g., Jameson and

Kostinski 1999), which may well be the case within the

embedded line convection in event 2, drop collision

rates can increase significantly by a factor of up to 3.5

(McFarquhar 2004).

In another study (Aresu et al. 1993), this time relating

to propagation effects on terrestrial links using data

from a short line-of-sight link at 30GHz, an event

analysis has clearly indicated the presence of ‘‘more

deformed drops’’ than normal.

It should be stressed here that this particular event

(i.e., event 2 on 25 December 2009) is a somewhat un-

usual case that was investigated because of the negative

skewness in the fall velocity distributions (Fig. 3) from

the 2DVDmeasurements. Inmany other cases including

event 1 on 18December 2009 and theEF2 tornado event

reported in Thurai et al. (2010), no evidence was found

to indicate significant mixed-mode drop oscillations or

lower fall speeds. In fact, the tornado event had higher

wind speeds than those associated with event 2 re-

ported here. Since we have two collocated 2DVDs, the

confidence in our measurements is greatly enhanced

(provided there is agreement between the two). Such

data, together with simultaneous ARMOR observa-

tions, will form part of an ongoing study to identify

cases where significant deviations from mean shapes and

the expected fall velocities of raindrops seem to occur.

6. Summary

Two rain events that occurred 7 days apart in

Huntsville, Alabama, have been investigated using two

collocated 2DVDs, as well as simultaneous observations

from the ARMOR C-band polarimetric radar. For each

event, drop fall speeds and shapes were examined from

the 2DVD measurements, with specific focus placed on

3-mm diameter drops. The first event—on 18 December

2009—showed a narrow distribution of fall velocities that

follow theAtlas et al. (1973) expected curve; for example,

the 3-mm drops had velocities that were symmetrically

distributed, with a mode at around 7.9–8ms21. The sec-

ond event—on 25 December 2009—showed a negatively

skewed fall speed distribution, with a significant number

of drops having lower-than-expected fall speeds. The 25

December event had a highly organized, narrow, em-

bedded line of convection that fortuitously traversed the

2DVD site. Time series of the 3-mm drop fall velocity

measurements showed that these ‘‘slow’’ drops were de-

tected only during passage of this line. The digitized

images of the drops were also examined. It was inferred

that around 30%–40% of the drops did not have an axis

of rotational symmetry, which directly implies that the

drops are undergoing asymmetric oscillations (mainly

horizontal mode) for a significant fraction of the time.

The corresponding fraction for the first event was only

5%, which indicates the dominant drop oscillation mode

to be the (2, 0) axisymmetric mode. Our inference re-

garding the second event is that the slower fall speeds

may have resulted from increased drag caused by asym-

metric horizontal-mode oscillations.

Supporting this inference, simultaneous radar ob-

servations from the C-band ARMOR were also ana-

lyzed for the second event. The self-consistency among

Zh, Zdr, andKdp was tested for two different drop shape

models, including our standard shapes from the 80-m

fall experiment. The results show that more oblate drop

shapes, which can be enhanced because of mixedmode,

including the horizontal-mode oscillations, are needed

to explain the radar-based variation of (Kdp/Zh) versus

Zdr. Note also that asymmetric oscillations can cause

signal depolarization.

Studies are ongoing to identify other cases that show

significant deviations from mean shapes and the expec-

ted fall velocities, observed from both 2DVDs, accom-

panied by the C-band polarimetric radar observations.

We will use these additional cases to examine the po-

tential associations among the high wind speed envi-

ronment within a convective line, rain drop oscillations,

and fall speed deviations.
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