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Abstract. Raindrop shapes and fall velocities measured by 2-dimensional video disdrometer are presented for
2 high-wind/turbulent events. The shapes were reconstructed using a relatively new technique. 10 m height wind
sensor data are used to derive proxy-indicators for turbulent intensities. Our results show strong gusts, directional
wind shifts (i.e. shear) and/or inferred high turbulence intensity are correlated with reduced fall speeds, reaching
values ~ 25 %-30 % less than the expected values, i.e. sub-terminal fall speeds. Significant percentage (20 %—
35 %) of asymmetric drops (> 2 mm) deviating from the most probable axisymmetric shapes were also detected

for some events with high turbulent intensities.

1 Introduction

Raindrop shapes and their fall speeds have been examined
by many researchers in the past several decades using wind
tunnel as well as under still-air laboratory conditions (e.g.
Szakall et al., 2010; Beard et al., 2010 and the references
therein). In the last 15 years, measurements from 2D-video
disdrometers (2DVD: Schonhuber et al., 2007, 2008) have
contributed greatly to studies of drop shapes and fall speeds
in both artificial rain as well as natural rain. In 2004, an artifi-
cial rain experiment was conducted with an 80 m fall, where
2DVD measurements of shapes and fall velocities were made
for more than 115000 drops in the diameter range 1.5 to
9.5 mm (Thurai and Bringi, 2005; Thurai et al., 2007). This
experiment resulted in the most probable shapes being de-
rived in terms of the equi-volume drop diameter (Deq) and
their variations due to drop oscillations. Fall velocity distri-
butions were also derived and their mean values versus Deqg
were found to be close to the laboratory measurements of
Gunn and Kinzer (1949), with relatively narrow and sym-
metric Gaussian-shaped distributions around the mean. The
knowledge of fall velocity is of obvious importance in hy-
drometeorology for calculating mass flux (or, rain rate) and
kinetic energy of raindrops which is important in soil ero-
sion (Fernandez-Raga et al., 2017) and ultimately to changes
in, for example, the coastal ecosystem by land-falling hurri-
canes.

Published by Copernicus Publications.

Since then, drop shapes and fall velocities measurements
have been made in numerous locations around the globe
(Thurai and Bringi, 2008). They range from measurements
at sea level (e.g. Okinawa, Japan) to 1.4 km above sea level
(Greeley, Colorado). In vast majority of the cases, drop shape
measurements show that they largely conform to “intrinsic”
low amplitude axisymmetric oscillations that can be main-
tained against viscous dissipation, and the velocity measure-
ments show good agreement with the Gunn-Kinzer variation,
with altitude adjustments in the appropriate cases. However,
there have been very few studies of shapes and fall speeds in
windy conditions (i.e., turbulence) (e.g., Tokay and Beard,
1996; Bringi et al., 2018; Montero-Martinez and Garcia-
Garcia, 2016; Stout et al., 1995) and the possible coupling
between the two.

In this paper, we present two events as illustrative exam-
ples which had turbulence (wind-induced or shear-induced)
associated with the events, and which showed deviations
from the most probable drop shapes and reduced fall veloci-
ties. The first of the two events was a widespread event with
highly-organized embedded line convection and the second
corresponds to outer bands of hurricane Irma. In all cases,
10m height wind-sensor data were also recorded at the in-
strument site in Huntsville, Alabama, USA.
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Figure 1. (a—d) show the attenuation corrected radar reflectivity from the C-band ARMOR radar at four time periods during the 25 Decem-
ber 2009 event; (e) Wind direction with UTC from the 10 m height wind sensor measurements (grey) and the 2DVD-based estimates of drop
horizontal velocity direction of all moderate-to-large drops with rotational symmetry axis (black points); (f) fall velocities of 4 + 0.25 mm
drops with UTC (blue points) and the expected (i.e., fit to Gunn-Kinzer laboratory data) fall velocity range as dashed purple lines, and two

examples of reconstructed asymmetric drops are shown as insets.

2 The two events

2.1 Event on 25 December 2009

This was a widespread rain event which had a highly-
organized embedded line convection that traversed the in-
strument site. A detailed description of the event can be
seen in Thurai et al. (2013). There were two 2DVD instru-
ments, side-by-side, which had recorded fall velocity, size,
and shape measurements during the entire event.

Figure la—d show a set of plan position indicator (PPI)
scans from the nearby C-band polarimetric radar, ARMOR
(Petersen et al., 2007), which made routine observations
during this event. These scans (which were part of volume
scans) were taken at 1.3° elevation, at 03:05, 03:40, 04:00,
and 04:10 UTC respectively. The colour scale represents the
(attenuation-corrected) radar reflectivity. The line convec-
tion can be seen to move in a north-easterly direction; at
03:40 UTC, it lies directly over the instrument site, marked as
black diamond. The radial velocity from the ARMOR radar
(not presented here) had clearly shown that a narrow con-
vergence zone at the leading edge of the convection line was
present near the 2DVD site (see Fig. 8 of Thurai et al., 2013).

The green-points in panel (e) of Fig. 1 show the wind-
direction from the 10m wind-sensor between 02:00 and
05:30 UTC. The sudden change in wind-direction during the
passage of the line-convection can be seen between ~ 03:35
and 03:45 UTC. Panel (f) shows the fall velocity measure-
ments for all drops with equi-volumetric drop diameter in
the 4.0-4.2 mm range (blue points) from one of the 2DVDs.
The expected range of fall velocities are shown as dashed
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purple lines. The significant reduction in the fall velocity
at the time of the line convection can be seen clearly. To
quantify the extent of deviation, Table 1 shows the mean,
standard deviation, and the skewness of the histograms of
these fall velocities for various time periods, namely, (i) prior
to 03:30 UTC, (ii) 03:30-03:35 UTC, (iii) 03:35-03:40 UTC,
(iv) 03:40-03:45 UTC, and (v) after 03:45 UTC. Also shown
are the total numbers of the 4 mm drops during these time in-
tervals. Most of these drops were detected during the 03:30—
03:40 UTC interval, and in particular, during the 03:35-
03:40 period (which corresponds to a period soon after a
sharp change in the wind direction was observed), negative
skewness is seen whose magnitude is much higher than other
time periods. Also to note is the reduced mean values during
03:30-03:45 UTC.

The inset pictures show two examples of drop shapes re-
constructed from the two orthogonal camera images after
correcting for drop horizontal velocity (Schonhuber et al.,
2016). These horizontal velocity directions, determined for
all moderate-to-large drops with axis of rotational symmetry,
are shown as black points in panel (e). Excellent agreement
is seen between the 2DVD-based drop horizontal velocity di-
rection and the 10 m wind sensor measurements.

The reconstruction of the asymmetric drops from the two
images from the two line scan cameras have been described
in detail by Schonhuber et al. (2016) and Schwinzerl et
al. (2016). The procedure first derives the horizontal veloc-
ities (from both 2DVD cameras) for all moderate-to-large
drops which possess rotational symmetry axis and for which
the 2DVD data processing software can determine those ve-
locities (magnitude and direction). This set of values is then
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Table 1. Mean, standard deviation, and the skewness of the histograms of these fall velocities for various time periods corresponding to
Fig. 1, namely, (i) prior to 03:30 UTC, (ii) 03:30-03:35 UTC, (iii) 03:35-03:40 UTC, (iv) 03:40-03:45 UTC, and (v) after 03:45 UTC. Also

shown are the total numbers of the 4 mm drops during these time intervals.

UTC <03:30 03:30-03:35 03:35-03:40 03:40-03:45 >03:45
Mean 8.45 7.95 7.97 7.94 8.55
St. Dev 0.56 0.55 0.76 0.66 0.34
Skewness —0.39 0.62 —3.42 —0.45 0.65
Total number 12 11 210 116 68
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Figure 2. (a) Drop horizontal velocities of all symmetric drops (red) derived from camera A measurements and the time interpolated
velocities for the asymmetric drops (green); (b) same as (a) except for camera B; (¢) an example of a large asymmetric drop reconstructed
from the camera A and B contoured images after correcting for the drop horizontal velocity components.

interpolated in time for the asymmetric drops. Panels (a)
and (b) of Fig. 2 show the horizontal velocities derived for
the symmetric drops (green points) and the time interpolated
velocities for the asymmetric drops (red points) from the two
line scan cameras. The velocity vectors so derived are then
used for correcting the recorded contours in the x—z and the
y—z planes for each individual drop, and the corrected con-
tours are subsequently used to construct the corresponding
3-D shapes, an example of which is shown in panel (c). Note
Fig. 2 corresponds to the rain drops recorded during the pas-
sage of the line convection over the 2DVD site.

Between 03:30 and 03:40 UTC, around 35% of the
moderate-to-large drops (D >2mm) did not possess an
axis of symmetry. This percentage (~ 35 %) is substantially
higher than most other rain events, often associated with very
little or no turbulence. The shapes fluctuations often asso-
ciated with mixed mode, large amplitude drop oscillations
clearly correspond to the change in wind direction (shear-
induced turbulence) and a resulting reduction in drop fall ve-
locities. The reduced fall velocities shown in Fig. 1f are also
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seen for a substantial percentage of large drops (D >4 mm)
during the same time period (not shown here).

2.2 Outer bands of hurricane Irma

On 12 September 2017, 2DVD measurements were made
during strong wind/gust conditions associated with the outer
bands of hurricane Irma (category-1 in Huntsville). Panel (a)
of Fig. 3 shows the radar mosaic map of the Irma outer bands
at 00:55 UTC. The instrument site is marked with an arrow.
Panel (b) of Fig. 3 shows the fall velocities of all drops
with Deq in the range 3 £ 0.1 mm for the time period from
00:00-10:00 UTC on 12 September 2017. The dashed line
shows the expected value for this diameter range. Panel (c)
shows the “turbulence index” (E) derived from the 10m
height wind sensor data. This is estimated using the gusts
and the average wind speeds from successive 5 min intervals,
using the approach described in Garrett and Yuter (2014).
The peaks in the index values correspond to the time peri-
ods where ~ 20 % of the 3 mm drops show lower than the
expected fall speeds value i.e., deviating from Gunn-Kinzer
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Figure 3. (a) Composite radar reflectivity image of Category-1 Hurricane Irma over Huntsville at 00:55 UTC on 12 September 2017. The
arrow marks the instrument site; (b) fall velocities of 3 mm drops as UTC; (c) turbulence index, E, determined from the wind-sensor data
(the blue arrows connect high E values with reduced fall velocities; (d) to (h) show examples of 4 mm (30.25 mm) drops undergoing

mixed-mode, asymmetric drop oscillations.

terminal fall speeds. (Note the data in Fig. 1f is from a highly
convective line with large drops; on the other hand, data
from the outer bands of hurricanes are well-known to contain
larger concentrations of smaller drops relative to continental
convective storms. Hence, we used smaller drops in Fig. 3b.)
Panels (d) to (h) show examples of asymmetric drop
shapes reconstructed using the abovementioned procedure.
They correspond to time periods associated with high turbu-
lence intensity periods and indicate asymmetric drop oscil-
lations. Such asymmetric oscillations occur in a background
state of the more dominant steady state axisymmetric oscilla-
tions. The time periods also (once again) correlate with sig-
nificant fraction of drops with sub-terminal fall speeds.
Bringi et al. (2018) have related the mean fall speeds with
turbulence (see for example, panel (e) of their Fig. 5) and
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found that lower fall speeds were associated with high tur-
bulence index values. To highlight the effect of turbulence
on drop shapes, we show in Fig. 4 the variation of drop fall
speeds with apparent axis ratios for the 3 mm drops. Shown
in dotted purple and red lines are the expected fall speed
and axis ratio. The drops with higher deviation from the ex-
pected fall speed can be seen to have higher deviation from
the expected axis ratio, in fact tending towards more spheri-
cal shapes. Hence one can conclude that the turbulence index
also affects extent of deviation of drops from their most prob-
able (or equilibrium-like) shapes.

www.adv-sci-res.net/16/95/2019/
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Figure 4. Variation of drop fall speeds with apparent axis ratios for
the 3 mm drops corresponding to Fig. 3b. Shown in dotted purple
and red lines are the expected fall speed and axis ratio.

3 Discussion and concluding remarks

Measurements of the terminal fall speed of drops by Gunn
and Kinzer (1949) under calm laboratory conditions with
pressure correction of Beard (1976) has been the “gold” stan-
dard since 1949. More recently, Bringi et al. (2018) using an
optical array probe and 2DVD reported that under calm con-
ditions the fall speeds of raindrops from 0.1 mm and larger
were in excellent agreement with Gunn-Kinzer laboratory
data (Foote and du Toit, 1969). However, under windy con-
ditions they found significant “slowing” down of the mean
fall speeds (relative to Gunn-Kinzer) along with a signifi-
cant broadening of the distribution. Such “slowing down”
was illustrated for an event which occurred on 30 Novem-
ber 2016 in Huntsville during passage of a supercell and sev-
eral squall lines with high winds/gusts and E values of 7—
8 m? s~ for the supercell and 2—4 m? s =2 for the squall lines
(peak rain rates of 80 mmh~!). These results, together with
those presented here are also supported by previous study by
Montero-Martinez and Garcia-Garcia (2016) who reported
“sub-terminal” fall speeds for mm-sized drops under windy
conditions.

Stout et al. (1995) simulated the motion of drops in
isotropic turbulence and determined that there would be a
significant reduction of the average drop settling velocity
(relative to terminal velocity) of greater than 35 % for drops
around 2mm size when the ratio of rms velocity fluctua-
tions (due to turbulence) relative to drop terminal velocity
is around 0.8. It was found that relative motion between
the drop and the air velocity vector gives rise to non-linear
drag forces that have a net upward component that slows
down the drop. Whereas we did not have a direct measure of
the rms velocity fluctuations, the proxy for turbulence inten-
sity (E) related to wind gusts during supercell passage (very
large E) clearly indicated a significant reduction in mean fall
speeds of 25 %-30 % relative to terminal speed for 1.3 and
2 mm sizes with significant broadening of the fall speed dis-
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Figure 5. Rate of change of wind direction from the wind sensor
for the 25 December 2009 event (Fig. 1) versus the 3.75-4.25 mm
drop fall speeds from the 2DVD. The purple dashed lines represent
the expected fall speed range of drop fall speeds.

tributions relative to calm conditions. Here we define E as
E = (gusts — average wind)?/2.

Several of our event analyses have shown that very strong
gusts, directional wind shifts (i.e. shear) and/or inferred high
turbulence intensity are correlated with significant broaden-
ing of the fall speed distributions with negative skewness.
The mean fall speeds were found to decrease almost linearly
with increasing turbulent intensity reaching values as low as
25 %30 % less than the expected values, i.e. sub-terminal
fall speeds. To illustrate the relation between shear on one
hand and the deviation from the terminal fall velocity on the
other, Fig. 5 shows the rate of change of wind direction (§D)
from the wind sensor for the 25 December 2009 event (Fig. 1)
versus the 3.75—4.25 mm drop fall speeds. The purple dashed
lines represent the expected fall speeds. Within this region,
8D appears to be close to 0° min~!. Below this region, the
drops tend to show more reduced fall speeds with increasing
sD.

The following points summarize our study thus far:

— In vast majority of the cases, 2DVD drop shape mea-
surements show that they largely conform to low ampli-
tude axisymmetric oscillations, and the velocity mea-
surements show good agreement with the G — K varia-
tion, with altitude adjustments in the appropriate cases.

— There have been notable exceptions. In such cases,
10m height wind sensor data were used to derive
proxy-indicators for turbulent intensities. Our results for
Deq > 2 mm clearly show that very strong gusts, direc-
tional wind shifts (i.e. shear) and/or inferred high turbu-
lence intensity are correlated with reduced fall speeds,
reaching values ~ 25 %-30 % less than the expected
values, i.e. sub-terminal fall speeds.

— Drop horizontal velocities (magnitude and direction)
derived from the 2DVD measurements show remark-
able agreement with the 10m wind sensor measure-
ments.

Adv. Sci. Res., 16, 95-101, 2019
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— Significant percentage (20 %-35%) of asymmetric
drops (>2mm) deviating from the most probable ax-
isymmetric shapes were also detected for some events
with high turbulent intensities.

There are potentially other causes for asymmetric shapes and
slowing down of fall velocity even under calm conditions.
For example, in heavier rain rates drop collisions can cause
asymmetric shapes (due to multi-mode oscillations) which
dampen quickly consistent with viscous dissipation and the
shape reverts back to the steady state (axisymmetric) mode
(Szakdll et al., 2014). Another possibility for slowing down
of fall velocity could be attributed to partially melting grau-
pel/hail (due to lower “effective” density). This is discounted
for the hurricane Irma event which had a distinct bright-
band at a height near 4 km allowing for complete melting
to take place in the humid sub-cloud environment. For the
intense line convection the drops likely originated as grau-
pel/hail aloft (around —10 °C) with warm rain processes in
the leading edge of the convection. The vertical profiles of
dual-polarization radar data did not indicate partial melting
ice (which “effective” near the surface so slowing down due
to this effect can also be discounted.

Over the past decades the understanding and interpretation
of polarimetric weather radar observations has continuously
been enhanced by a wealth of research work. Still, notice-
able differences to ground truth are sometimes observed. Es-
pecially for near-to-ground radar measurements our results
provide a further contribution and enhancement, being based
on new findings on precipitation microstructure.

Data availability. The 2DVD data can be made available via
email request to any of the co-authors: merhala@colostate.edu,
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