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12 Abstract: Tropical storm Nate, which was a powerful hurricane prior to landfall along the
13 Alabama coast, traversed north towards our instrumented site in Hunstville, AL. The rain bands
14 lasted 18 h and the 2D-video disdrometer (2DVD) captured the event which was shallow and
15 indicative of pure warm rain processes. Measurements of raindrop size, shape and velocity
16 distributions are quite rare in pure warm rain and are expected to differ from cold rain processes.
17 In particular, asymmetric shapes due to drop oscillations and their impact on polarimetric radar
18 signatures in warm rain have not been studied so far. Recently, the 2DVD data has been used for
19 3D reconstruction of asymmetric raindrop shapes but their fraction (relative to the more common
20 oblate shapes) in warm rain has yet to be ascertained. Here we compute the scattering matrix
21 drop-by-drop using Computer Simulation Technology integral equation solver for drop sizes>2.5
22 mm. From the scattering matrix elements, the polarimetric radar observables are simulated by
23 integrating over 1 minute consecutive segments of the event. These simulated values are compared
24 with dual-polarized C-band radar data located at 15 km range from the 2DVD site to evaluate the
25 contribution of the asymmetric drop shapes.
26 Keywords: raindrop shapes; asymmetric rain drops; scattering calculations; polarimetric radar;
27 2D-video distrometer
28

29 1. Introduction

30 One of the important applications of polarimetric radar is the measurement of rainfall whose
31  accuracy depends critically on the assumed drop shape model which under equilibrium (i.e.,
32 balance of aerodynamic, surface tension and gravitational forces) was derived numerically by Beard
33  and Chuang [1]. However, rain drops (with D>0.7 mm or so) do oscillate due to wake instabilities or
34  time-varying drag but the oscillation modes (axisymmetric or asymmetric) and the distribution of
35  oscillation amplitudes are not theoretically predictable. In laminar flow the wind-tunnel
36  experiments of Szakall et al. [2] showed that larger drops (>2.0 mm) oscillate primarily in the
37  axisymmetric oblate-prolate mode with smaller amplitude asymmetric modes mixed in. These
38  wind-tunnel data (based on high speed camera images of different sized suspended drops over a
39  few seconds) were consistent with the earlier 80 m fall “artificial rain’ experiments of drop shapes
40 imaged as individual ‘snap shots” with a 2D-video disdrometer (2DVD) [3], [4], [5]. The consistency
41  was demonstrated by the excellent agreement between time-averaged axis ratios and amplitudes as
42 afunction of drop size from the wind-tunnel data with the ensemble-based axis ratio averages and
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43  standard deviations from the (80 m fall) 2D-video data and has given confidence in using the
44 average oblate axis ratio versus D relations used in rain rate retrieval algorithms.

45 A relatively recent advance has been the use of 2DVD in reconstructing the 3D shapes of
46  natural rain drops even if they are asymmetric [6], [7], and further to calculate the scattering
47  matrices of such asymmetric (and the detected symmetric shape) drops using advanced
48  electromagnetic scattering codes [8], [9]. This enables simulation of what is termed ‘drop-by-drop’
49  integration to arrive at the radar reflectivity, the differential reflectivity and the copolar correlation
50  coefficient [10]. Comparing the ‘drop-by-drop’ with the ‘bulk’ simulations of the same event using
51  the average oblate axis ratio versus D relations enabled a determination of the importance of
52  asymmetric shapes to the rain rate retrieval algorithms as well as the conditions under which
53  asymmetric drop shapes occur more frequently as in one example of an intense line convection [10],
54 [11]. However, in less intense convection or in pure warm rain process (coalescence) dominated
95  events, the frequency of occurrence of asymmetric drops shapes and their impact on rain rate
56  retrieval algorithms is not known. While it is known that small drops dominate the size
57  distributions in tropical rain with active warm rain processes relative to ice dominated deeper
58  convection at the same rain rate, it has been speculated that in the ice dominated cases, asymmetric
59  shapes due to oscillations can be dampened by residual tiny ice cores in the nearly fully melted
60  drops (originating as graupel or tiny hail aloft). On the other hand, pure warm rain processes have
61 no such damping mechanism and thus might exhibit more frequent occurrence of asymmetric
62  shapes. Thus, this article presents 2DVD-based reconstructions of drop shapes in the outer band
63  remnants of tropical storm Nate as it moved across our instrumented site in Huntsville, Alabama.
64  ‘Drop-by-drop’ scattering simulations are performed and compared with ‘bulk’ oblate shape
65  assumptions and compared with observations from a scanning C-band radar located 15 km away
66  from the instrument site. Also presented are fall velocities and drop horizontal velocities
67  determined from the 2DVD measurements, specifically for the larger drops (> 2 mm).

68 The paper is organized as follows. In section 2, we give an overview of tropical storm (TS) Nate
69  and an outline of the specific instruments and measurements pertaining to this study. In section 3,
70 processing of the 2DVD-based images is presented, together with drop horizontal velocities which
71 are obtained as a by-product of the de-skwing procedure of the drop images. Section 4 outlines the
72 scattering calculation procedure and section 5 presents the single particle radar cross-sections
73 calculated for all drops with D > 2.5 mm as well as their differential relectivities. In section 6, the
74 computed reflecitivity and differential reflectivity based on the scattering calculations over a
75  1-minute interval are compared with the C-band radar measurements over the instrument site, for
76 the entire duration of the Nate event at the instrument site. The main conclusions are summarized in
77  section 7 as well as discussion on each of the main conclusion points.

78 2. TS Nate Description and Observations in Huntsville

79 Tropical system Nate originated as a fast moving hurricane which made landfall on the US Gulf
80  Coast. It made its second landfall in the US causing storm surge, flooding buildings, and beach
81  erosion. More inland, Nate weakened to a tropical storm after being embedded within fast
82  mid-latitude westerlies while moving north towards Hunstville, Alabama. The rain bands lasted 18
83  hover the instrumented site at the University of Alabama, Huntsville (UAH) giving rise to total rain
84  accumulation of over 31 mm. Fig.1 shows the radar mosaic image at 14:45 UTC on 08 October 2017.
85  The rain bands, although noticeable, are not highly defined. The 2DVD [12] captured the event
86  which, at times was shallow, indicative of pure warm rain processes, and at other times somewhat
87  more intense with clear melting layer. The red dot in Fig. 1 (a) marks the location of the instrument;
88 at the specified time, the inner-most rain band was traversing the instrument.

89 Apart from the 2DVD, there was also another optical array probe specifically for small and tiny
90  drops (called the Meteorological Particle Spectrometer, MPS) [13], a precipitation occurrence sensor
91  system [14], rain gauges, anemometers, and several other ground instruments. Raingauge data
92  showed 1-minute rain rates to be less than 10 mm/hr, and less than 3 mm/h for much of the time. The
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93  temperature at 2-m height was around 73-75 deg F (23-24 deg C) during much of the storm period
94 (02 to 20 hr UTC). A X-band vertically-pointing Doppler radar [15] located a few meters also made
95  observations over the entire storm event, and a C-band dual-polarization radar (ARMOR) [16], [17],
96  located 15 km from UAH had made regular and frequent scans over the site.
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98 Figure 1. (a) Composite (nexrad) radar image of Tropical System Nate over Alabama on 08 Oct 2017
99 at 14:45 UTC. The location of the 2DVD and other instruments is marked with a red dot; (b) Shape of
100 a large drop recorded by the 2DVD at this time (using the 3D reconstruction procedure, see Section 3).
101 Unlike a previous tropical system, category-1 hurricane Irma which had relatively strong

102  winds and gust conditions associated with it, TS Nate had considerably less wind speeds and
103  turbulence by the time it reached Huntsville. As shown later, the wind speeds were less than 8 m/s
104  (at 10 m height), with no sudden or abrupt change in magnitude nor direction.

105 3.2DVD data and processing

106 The derivation of contoured shapes in two orthogonal planes from 2DVD measurements has
107  been presented in a number of previous publications [18], [19], [4]). Several years later, the
108  contoured shapes in the two orthogonal planes were used to derive the 3-dimensional particle
109 shapes which have been described in [6], [7], and [9]. The procedure involved in the drop contour
110  derivation also includes a ‘deskewing’ technique which not only yields the corrected contoured
111  shapes for each drop but also its horizontal velocities along the x and y axes, which in turn enables
112 the magnitude and direction to be determined. Along the z-axis, the matching procedure from the
113  2DVD’s two camera images (A and B) enables the fall speeds to be determined on a drop-by-drop
114  basis. However, due to a number of limitations, the velocity and shape information can only be
115  retrieved for relatively large drops, in particular for drops with equi-volume diameter larger than
116 1.5 or 2 mm. When performing scattering calculations, it is the larger drops which will have the
117  highest contributions to the polarimetric radar variables such as differential reflectivity and copolar
118  correlation coefficient and differential backscatter phase.

119 The 2DVD measurements during the entire Nate event revealed that the drop diameters (Deq)
120  did not exceed 4 mm. There were 601 drops with Deq > 2.5 mm out of 1,467,540 drops in total; out of
121  these, only 79 drops exceeded 3 mm and only 12 drops exceeded 3.5 mm. One of the biggest drops
122 recorded (3.89 mm) is shown in panel (b) of Figure 1, the time of which corresponds nearly to that of
123 the radar mosaic image in panel (a). This was one of the most-intense periods of the storm over
124  UAH, albeit with relatively modest reflectivity of around 40 dBZ. A small degree of shape
125  deformation is visible.

126 The magnitude and direction of drop horizontal velocities for all drops > 2 mm derived from
127  the 2DVD deskewing procedure are shown as red points in panels (a), and (b) of Fig. 2, respectively.
128  They are compared with the anemometer measurements at 10 m height (black points) from the same
129  location for most of the storm period (02 to 20 hr UTC). Note some ‘smoothing” was applied to the
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130  drop horizontal velocities in order to highlight the close agreement with the wind-sensor
131  measurements. As expected, the response of the drops is to assume and acquire the same horizontal
132 velocities as the ambient wind speed and direction. The close agreement, between the green points
133 and the black points, particularly after 06 hr UTC, is also indicative of the accuracy of the shapes of
134  the reconstructed drops.

135 In panel (c), we show the percentage of deviation of the drop fall velocities from the expected
136  terminal fall speeds of Gunn-Kinzer [20], again for all drops > 2 mm. The 0% line is marked as a
137  dashed blue line. Fluctuations can be observed, which is to be expected, but they appear to be
138 distributed fairly evenly around the 0% line, throughout the event, although at around 15 hr UTC, a
139  few drops show significantly negative percentages (< -30%) which could be due to the well-known
140  response to turbulence. However, majority of the drops have fall velocities within the expected
141  range of their theoretical fall speeds (e.g. [21] for sea level).
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143 Figure 2. (a) and (b) Wind speed and wind direction (as black points) from the anemometer at 10 m
144 height at the 2DVD location, respectively, along with the retrieved drop horizontal velocities from
145 the 2DVD in green for all > 2 mm drops; (c) percentage change in the drop fall velocities from the

146 2DVD compared with Gunn-Kinzer equation.
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147 4. Scattering calculations

148 The scattering calculations have been carried out for all 601 drops captured during the Nate
149  event with Deq > 2.5 mm. The simulation program used within this study is CST Microwave Studio
150  (MWS) of the CST Studio Suite 2019. The use of this software for the scattering calculation of each
151  individual drop has been automated. Visual Basic for Application language was used for creating
152  structures and controlling procedures in CST MWS. In the following paragraphs the main steps of
153  the scattering calculations are outlined.

154 The 3D shapes of each raindrop was reconstructed with Matlab-software using the procedure
155  described in [6] and [7]. For each drop a STL-file (STL for stereolithography) was generated that
156  characterize the surface geometry of the drop without specifying material or scale information. The
157  STL-files of the drops were imported into CST MWS. For the material, the dielectric properties of
158  water at a temperature of 68 deg F (20 deg C) and a frequency of 5.625 GHz were assumed.
159  Following the model of Ray [22] this leads to a complex permittivity ¢ of 72.5 - j22.43 (refractive
160  indexm=8.6137-j1.3020). After importing and scaling the shape, a meshing algorithm is performed
161 by CST MWS. Figure 3(a) shows the mesh of an example drop. The drop is approximated by a set of
162  triangles that are connected by common edges or by corner points. The triangulation is based on the
163  outer surfaces that occur when reconstructing the drop. The 3D reconstruction is carried out with an
164  angular resolution of 10 degrees in azimuth and with 0.05 mm vertical resolution. If a drop e.g. has a
165  height of 3 mm this procedure leads to approximately 36 * (3 / 0.05) = 2160 quadrangular planar
166  surfaces on the outside. As each surface is split in order to form triangles, the number of surfaces
167  duplicates.

168 Figure 3(b) shows the histogram of the edge length of the triangulation of the drop shown in
169  Figure 3(a). For the given drop the shortest edge length is approx. 0.03 mm and the largest edge
170  length is approx. 0.37 mm. On average the edge length is 0.1 mm. The largest detected drops with an
171  equal volume diameter of ~3.8 mm are approximated by more than 5000 triangles. Given a
172 frequency of 5.626 GHz and therefore a wavelength of 5.3 cm, each drop is modelled with at least 15
173 grid points per wavelength.

174
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176 Figure 3. (a) Triangle mesh of an individual drop imported into CST Microwave Studio;
177 (b) histogram of the edge length of the triangulation
178 A plane wave excitation source was defined with linear polarization and a frequency of 5.625

179  GHz. The Radar Cross Section (RCS) of each individual drop was calculated for both horizontal and
180  vertical polarization using the CST Integral Equation Solver which is suitable for electrically large
181  dielectric objects. Results are presented in the next section.
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182 5. Results for individual particles

183 RCS calculations were carried out for 0° to 359° angles with 1° step size, in order to cover all
184  possible look angles in the horizontal plane. To ensure plausibility of the results, the calculated
185  RCS of all 601 individual drops were compared to the respective values of equal volume spheres.
186  Figure 4 illustrates the RCS in terms of the equi-volume drop diameter for one defined view angle in
187  panel (a) as well as for the averaged RCS over all orientations within 360° in panel (b). The figures
188  show that the modelled shape can differ by + 3 dB from a sphere representation.

189 Panel (c) shows the same points as panel (b) for H and V polarizations for all look angles, but
190  here we have superimposed two curves which represent the RCS variation when a fixed shape-size
191  relationship is used, in this case, the oblate-spheroid approximation of the Beard-Chuang (1984)
192  shapes. The curves are shown as black solid line for H polarization and black dashed line as V
193  polarization. All variations show a general increase in RCS with drop diameter, at least up to 4 mm.
194  Since the shape is fixed for a given drop size, the scattering amplitude will be expected to be a single
195  curve for a given polarization. Furthermore, the rotational symmetry of the drop shape will result in
196  RCS being independent of the look angle. The scatter in the RCS values for the reconstructed drops
197  is of course due to both variation in shapes and the variation with look angle, but even so they
198  appear to lie evenly scattered on both sides of the two (solid black and dashed black) curves.

199 The differential reflectivity of each reconstructed drop is obtained from the difference between
200  the horizontal and vertical polarization radar cross-sections. Because both the H and V radar cross
201  sections for any given drop will vary with the look angle, its differential reflectivity will also have a
202 ¢ variation. This has been illustrated in [9] in terms of the complex scattering amplitudes for both
203  polarizations (see their Fig. 7 where ¢ was varied from 0 to 360 deg in the horizontal plane).

(a) —Spher\;. calculated by Mié Theory (b) —Spheré. calculated by Mi;a Theory
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205 Figure 4. Radar Cross Section (RCS) of 601 reconstructed raindrops for horizontal and vertical
206 polarization, as a function of their respective equal volume diameter. For comparison, the RCS
207 of a sphere is shown. f=5.625 GHz and the refractive index m = 8.6137 - j1.3020. Panel (a) is for
208 a fixed view angle of ¢ = 0 and panel (b) is the averaged value of the RCS over ¢ =0 to 359°.
209 Panel (c) shows the same RCS versus Deq as panel (b) for the reconstructed drops for H and V

210 polarizations, compared with those assuming Beard-Chuang shapes.
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The overall variation of Zar with drop diameter for all the 601 drops is shown in panel (a) of Fig.
5 as cyan color points. For comparison, the theoretical curve assuming the Beard-Chuang drop
shape model [1] (approximated to oblate spheroids) is included as blue dotted line. The zoomed in
version for Deq up to 4 mm is shown in panel (b) for more clarity. In both cases, the cyan points cover
the full range of ¢ from 0 to 360 (or 180) degrees. Superimposed on the plots are red points which
correspond to @=50 deg, which in fact is close to the look angle (i.e. azimuth) from the ARMOR
radar site to the 2DVD location.

From Fig. 5, certain observations can be made:

(i) Compared to the theoretical curve, Za values for individual drops can differ by several
dB’s, indicating considerable amount of shape deviations from the ‘equilibrium’ shapes.

(ii) However majority of the deviations span both positive and negative values, implying the
drop shapes can be ‘elongated” either in the horizontal plane or along the vertical, due to
drop oscillations (including mixed-mode).

(iii) The =50 deg points show less scatter than the ¢ =0 to 360 deg (cyan) points; this is to be
expected.

(iv) The resonance region around Deq = 6 mm will not have any implications for the Nate storm
since all drops recorded were much smaller.
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Figure 5. (a): Single drop Zar versus Deq for the reconstructed drops for all ¢ angles in cyan and for
@=50 deg in red, together with those for a fixed shape-size drop model in blue; (b) same as panel (a)
but zoomed in to cover the brown dotted line box.

The set of panels in Fig. 6 summarizes the drop sizes for the period during which Deq >2.5 mm
were recorded as well as the shape deviations quantified in terms of Za. Panel (a) shows the drop
diameters and panel (b) shows the calculated Za: in red for each drop and the theoretical (expected)
value in blue, as well as the difference 6(Za) between the two in magenta. Panels (c) and (d) show
the variation of 0(Za) with Deq and the expected Za respectively. Note panels (b), (c) and (d)
correspond to ¢=50 deg.

Once again, we summarize the important observations: (i) that TS Nate did not produce drops
larger than 4 mm over Huntsville (as mentioned earlier); (ii) d(Zar) can be significant but overall they
tend to be distributed evenly around the 0 dB level, although the larger drops (> 3 mm) 6(Zar) shows
tendency to be slightly more negative, i.e. drops being somewhat closer to spherical in shape; (iii)
that the skewness towards negative d(Za) values are more apparent at around just prior to 15:00
UTC when the wind speeds are seen to increase and the change in wind direction is more rapid. It is
around this time, that the fall velocities also show a small but noticeable number of drops having
lower than expected velocities. This may provide further evidence that turbulence may contribute
toward enhanced amplitude of mixed mode oscillations, as was observed in two earlier studies, one
during category-1 hurricane Irma, and the other during a highly organized line convection [23], [11].
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251
252 Figure 6. (a) Diameters of all drops > 2.5 mm recorded during the passage of TS Nate over the 2DVD;
253 (b) the calculated Za: for each drop in red and the expected value in blue (top plot) and the difference
254 in Zar, 8Z(ar), for each particle; (c) d(Zar) versus Deg; (d) 9Zdr versus the expected Zar.
255
256 The vertically pointing X-band Doppler radar shows evidence of moderate convection at

257  around 14:40 UTC compared with other time periods. Fig. 7 is an expanded plot of the Z-height
258  profile measurements for a 1-hour period from 14:00 to 15:00 UTC. The marked period shows more
259  clearly the moderate convection near the melting layer of around 4.8 km, which in fact corresponds
260  to the outer-band shown earlier from the radar-mosaic image in Fig. 1. To be more precise, the ‘more
261  diffused bright-band’ in terms of Z and Doppler mean velocity associated with the outer-band is
262  seen at 14:35 UTC at the melting layer height whereas significant d(Za) was obtained at around 14:42
263  UTC at ground level, with d(Z«) tending to be more negative and the fall velocities tending to be
264  somewhat lower than the expected values. The time difference accounts for the drops to fall from
265  the bottom of the melting level to ground level.

266 The extent of the negative d(Za) for > 2.5 mm drops can be seen in panel (a) of Fig. 8 which
267  shows the overall histogram. The mode of the distribution lies very close to 0 dB however
268  significantly more negative d(Za:) are observed, compared with positive d(Z«). To quantify this, as an
269  example, 149 drops out of 601 drops had d(Za) less than -0.5 dB whereas only 72 drops had d(Z«)
270  greater than 0.5 dB. By way of comparison, panel (b) shows the d(Zu) histogram derived from the 80
271  m fall artificial rain experiment [3], where only 5% of the measured drops were found to have
272  significant asymmetry. Here, the axis ratios have been used to convert to d(Za) values using the
273  expression from [24]:

7

274 10701Cen = (2)° (1)
b
275
276 The distribution of d(Za) in panel (b) is visibly more symmetric than panel (a), although the

277  extent of the distribution is slightly wider than panel (a).
278
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280 Figure 7. (a) Vertical profiles of dBZ from the vertically-pointing XPR observations for 14:24 to
281 15:00 UTC on 08 Oct 2017; (b) the corresponding Doppler mean velocity. Courtesy of K. Knupp
282 of University of Alabama, Huntsville.
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286 Figure 8. Histograms of &(Zar) for all > 2.5 mm drops (a) for the reconstructed drops during TS

287 Nate and (b) for drops recorded during the 80 m fall experiment [4] using eq. (1).
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288 6. 1-minute based Zn, Za calculations and comparisons with ARMOR

289 To compute the overall back scatter reflectivity from the individual scattering amplitudes, for
290  example over a 1-minute period, we perform drop-by-drop integration of the radar cross-sections
291  (strictly speaking the covariance matrix elements) during that time period. If we denote the
292  H-polarization reflectivity for the it drop as z#, then the overall reflectivity from all drops over the
293  1-minute period is given by:

294

=1 -1 ,h
Zp = Xis Vi % ()

295

296  where A is the measurement area of the 2DVD, At is the averaging time period, and vi is the vertical
297  velocity of the ith drop. For V polarization, similar integration is performed using the corresponding
298  RCS values, zv. Both are converted to the conventional dBZ units and Zar for that 1-minute period is
299  determined from the difference between the two.

300 The 1-minute based calculations for the entire 18 hour event period is shown in Fig. 9 and
301  compared with the C-band ARMOR radar data over and in the vicinity of the disdrometer site.
302  Panel (a) shows the Z comparison, and panel (b) the Za: comparison. After 05:00, there is excellent
303  agreement in both cases. Some smoothing has been applied to both sets of plots in order to reduce
304  the noise and show more clearly the close agreement. Prior to 05 hr UTC, radar Z appears to be
305  somewhat lower than the simulations and the Za: slightly higher. It was around this time that the
306  retrieved horizontal drop velocities (from 2DVD measurements) showed some discrepancy with the
307  wind sensor data. Hence it is possible that the shape reconstruction is not precise enough to provide
308  sufficiently accurate scattering amplitudes. On the other hand, the radar data shows highly
309 fluctuating Zar at the beginning of the storm, so that too may have contributed to the discrepancy.

310
1 1 L |
5 10 15 20
UTC (08 Oct 2017; Nate@UAH)
311
312 Figure 9. (a) dBZ and (b) Zdar calculations derived from the individual drop scattering amplitudes
313 using the 2DVD measurements (in black) compared with the ARMOR radar measurements (majenta)

314 over the 2DVD site. For the former, 1-minute time interval is used.
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The Zar versus Zn variation from the CST simulations for 05-20 hr UTC are compared with those
from the radar observations in Fig. 10. The variations are in good agreement with each other and
both show a clear increase of Za with increasing Zn beyond 22 dBZ. Note also the maximum
reflectivity values for both cases did not go beyond 40 dBZ and the maximum Zar did not go beyond
1.5 dB. All these features provide confirmation and validation for the drop-by-drop based scattering
calculations.

+ Simulations
. .+ ARMOR data

—
wh

Smoothed Z & (dB)

0 10 20 30 40
Z, (dBZ)

Figure 10. Z versus Zdr corresponding to Fig. 9.

7. Discussion and Conclusions

Thus far the analyses of the 2DVD measurements during the Nate storm over Huntsville and
the scattering calculations have provided the following observations and highlights:

(i) Confirmation that horizontal velocity of the drops is very similar to the wind velocities, both
in terms of magnitude and direction;

(if) Fall velocities largely follow the Atlas et al. [21] variation with drop diameter for this event,
although some scatter is evident, particularly during the (modest) convection period.

(iii) Shape deviations from the most probable shapes can be significant, as can be inferred from
their scattering amplitudes for horizontal and vertical polarizations for individual drops
compared with equilibrium-shaped drops,

(iv) Additionally, and as a result, the differences in the calculated Zdr and the expected Zar show
a histogram with a relatively broad distribution,

(v) Overall however the histogram of the differences have a mode at 0 dB, although some
skewness towards negative values is indicated, implying some tendency towards more
spherical-like drops.

(vi) The Z and Zar calculated using the individual C-band scattering amplitudes of each drop
over say l-minute interval shows, in general, excellent agreement with the C-band radar
observations over the disdrometer for the entire 18 hour period of TS Nate in Huntsville.
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Regarding (i), even though it is well known from theory that horizontal velocities of
precipitation particles will be the same as the prevalent wind velocities (e.g. [25], [26]) during steady
conditions, it is only the 2DVD instrument which is capable of providing direct observational
evidence on a drop-by-drop basis in natural rain. Examples have been demonstrated in previous
studies ([9], [23]) for a line convection event and a hurricane event which showed excellent
agreement of the 2DVD-based drop horizontal velocities at near-ground level with the wind
measurements at 10 m height. Such agreement has also been observed for several other events also
(not published). Altogether they categorically show (a) that there is very little difference in wind
speeds between 10 m height and near ground level, and (b) that the instrument itself (the low-profile
design) does not cause any perturbations in the local wind conditions.

Along the vertical, the drop fall velocities (point (ii) above) show a distribution of velocities
which are mostly Gaussian-shaped, with a mean and mode very close to that predicted by the Atlas
et al. [21] equation. During the (moderate) convection period, the fall velocities showed somewhat
more scatter than at other times. However there were no time periods where there was noticeably
negative bias (i.e. slowing down of the drops). This is in contrast to the hurricane (category-1) Irma
event which had lower than expected velocities during turbulence , as well an embedded line
convection period where low fall speeds were associated with a rapid change in wind direction (see
[23] for both cases). Such changes were not observed with the anemometer readings during TS Nate
at Huntsville. In general, the fall velocities (at least for > 2 mm) tend to follow the Atlas et al. 1973
equation except for events associated with high turbulence. Another example is Tropical Storm
Michael which had passed over another 2DVD instrument (unit number SN70) located at Wallops
flight facility in Virginia, USA. This storm had high wind gusts associated with it, and the
2DVD-SN70 measurements clearly had shown significant reduction in fall speeds for drops within
the leading eye-wall region of the storm (see Appendix). In other parts of the storm, fall velocities
were close to the expected values. This too should be considered as evidence for reduced fall speeds
being associated as a response to turbulence. The observations are in agreement with the theoretical
work by Stout et al. [27] who simulated the motion of drops in isotropic turbulence to show that
there would be a reduction (> 35%) of the average drop settling velocity, relative to terminal
velocity, for larger drops with inertia (> 2 mm). This is largely due to a net upward component of the
non-linear drag forces generated under turbulent conditions. Note there are also other factors which
can affect drop terminal velocities; for example Gay et al. [28] have demonstrated the changes in fall
velocities can occur for drops falling in strong electric fields.

Regarding point (iii), we have seen from Fig. 4(c) how the scattering amplitudes can be
different for the reconstructed drops compared with those using a specific drop shape-size
relationship (e.g. from [1]). The differences can be significant for both polarizations, although the
two curves for the fixed shape-size variation lie somewhere in the middle of the scatter (of the
individual, scattered, points) observed with the reconstructed shapes. The differences occur
obviously because of changes in drop shapes which in turn can be attributed to drop oscillations, the
amplitudes of which can be expected during significant turbulence. Note also that there could be
possible coupling between change in drop shapes and fall velocities [27], [29], [30].

For a given drop equi-volume diameter, variations in drop shape and hence their scattering
amplitudes give rise to a distribution of Zar values. For drops possessing considerable asymmetry,
the Zar will also depend on the look angle. When expressed in terms of d(Zar), i.e. the difference from
the fixed shape-size variation, the histogram, although showing a wide distribution, has a mode at 0
dB. The histogram does show some skewness towards negative values indicating a tendency
towards more spherical shapes, mostly the > 3 mm drops. In general, the scatter in d(Zdar) is more
evident when the wind direction has a more rapid change. This was even more evident in a
previously analyzed convection line event (see Fig. 4 in [10] and Fig. Al in [9]), at the time when the
embedded convection line had crossed the 2DVD instrument (between 03:35 to 03:40 UTC on 25 Dec
2009). As mentioned earlier, the larger drops also showed a considerable reduction in fall speeds
during the same time interval. For the TS Nate, the convection was at best very moderate which

d0i:10.20944/preprints201910.0284.v1
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395  occurred at around 14:40 to 14:45 UTC (Fig. 7) which is when the most amount of scatter in the
396  calculated single particle d(Zdr) was observed (along with the highest variation in the fall velocities).
397 Regarding the final point (iv), the calculated Zn and Zar based on the individual scattering
398  amplitudes at C-band over a 1-minute time interval show very close agreement with the radar
399  observations made over the instrument site throughout the entire event. Some minor differences in
400  Z were observed during the beginning of the storm and minor differences in Za: towards the end of
401  the storm. These could be attributed to non-homogeneity along the vertical (i.e. with height) from
402  the radar pulse-volume to ground level. The calculated Za: versus Z variation also show excellent
403  agreement with the radar observations.

404 In terms of the differential backscatter phase, the scattering calculations for the >2.5 mm drops
405  did not show any appreciable differences in the back scatter phase between the H and V polarization
406  implying that resonance scattering does not play a significant role. Consequently the calculated
407  copolar correlation coefficients were close to 1 which is also largely in agreement with radar
408  measurements when reflectivity values exceeded 15 dBZ.

409 Finally, as a general comment, the following point is worth noting: Strictly speaking, rather
410  than considering drops with a fixed axis ratio-size relationship and a typical canting angle
411  distribution for Z and Zar calculations (which is often the case), the individual drop-by-drop shape
412  should be used as input for scattering calculations. For the TS Nate event over Huntsville however,
413  T-matrix calculations at C-band using the fixed axis ratio-size assumption did not differ markedly
414  from those using the drop-by-drop scattering amplitudes (not shown here). Several other event
415  analyses have also shown this to be the case. For events with large drops which are associated with
416  high wind speeds and/or rapid change in wind direction (or even high atmospheric e-filed), one
417  may expect a drop in the co-polar correlation coefficient as well as significant backscatter differential
418  phase.

419

420 APPENDIX: Drop fall Velocities During Tropical Storm Michael
421

422 On 12 October 2018, Tropical Storm Michael, after weakening from hurricane force winds,
423  passed directly over a ground instrumentation site in Wallops, Virginia, which had several
424 collocated sensors. Among them were a 2DVD (unit 70) and all-in-1 weather station. Panel (a) of Fig.
425 Al shows the variation of the wind-speed from the anemometer with time. Four time periods are
426  marked. The first period (i) is prior to 03 hr UTC when the wind-speeds increase rapidly reaching
427  nearly 25 m/s as the leading edge of the eyewall approached the site from south-east. Note these are
428  much stronger winds than those associated with the outer-bands of TS Nate over Huntsville. The
429  second period (ii) at around 04 hr UTC is when the wind velocity dropped to almost 0 m/s as
430  pressure dropped to 987 mb. This can be considered as the center of the eye of the storm. The third
431  period (iii) is when the winds increased to 20 m/s as the rear side of the eyewall traversed the site
432  and the fourth period (iv) is when cool dry air rushed in as the storm center pulled away after 08 hr
433 UTC.

434 Panel (b) shows, as an example, the measured fall velocities for all 3 mm drops (£0.15 mm) for
435  the whole storm. They were only detected in and around the eye wall regions, hence only the 00 — 09
436  hr UTC time interval is shown. During the first period, which corresponds to the leading edge of the
437  eye-wall, considerably lower fall speeds are observed from 02:00 to 03:00 UTC, compared with the
438  Gunn-Kinzer range of values marked as orange dashed lines. 3 mm drops were also detected later
439  on, at around 06:30 to 07:00 UTC, which corresponds to time interval between (iii) and (iv). Here the
440  drops do not show any systematic reduction in fall velocities. The wind speeds at this time were
441  much lower than those during period (i).

442 Although the drop shapes have not yet been reconstructed for this case, based on the fall
443  velocity measurements, one would expect shape deformation to be significant in the eye-wall region

444 and not in other parts of the storm.
445


https://doi.org/10.20944/preprints201910.0284.v1
https://doi.org/10.3390/atmos11010114

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 October 2019

d0i:10.20944/preprints201910.0284.v1

14 of 16
0
E
©
]
]
Q.
wn
T
=
s
0 3 6 9 12 15 18 21 24
Hour of Day [UTC]
10¢ ' B
AN ) | TG
~ 9¢F + 0+ * _:..---;"'
“"E’ 3;:::: ?::.},.“:::::::::5_2:.’:"::::::'
3 Y “¥777 2DVD-SN70
AN § & WEFF
= B { - 3 mm dropg_? TS Michael
2 +T1 (@) é
5E : . ;
0 3 B 9
UTC (12 Oct 2018)
446
447 Fig. A1: (a) Wind speeds (blue) and averages (red) during TS Michael on 12 October 2018; (b)
448 Measured fall velocities for 3+0.15 mm drops. See text for explanation for time periods (i) to
449 (iv). Panel (a): Courtesy of D. Wolff and D. Marks, NASA-WFF
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