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Abstract 28 

Comprehensive analysis of an unusual graupel shower event recorded by an S-band polarimetric 29 

radar and two optical imaging surface instruments is presented. The primary radar characteristic 30 

was negative differential reflectivity, Zdr, values along a vertical column. During the afternoon 31 

hours of 16 February 2015, a sequence of three showers composed primarily of small (8–15 mm 32 

diameter) graupel affected the ground instrumentation site that was established for the Multi-33 

Angle Snowflake Camera and Radar (MASCRAD) experiment in the high plains region of 34 

Colorado. While these showers passed the instrumentation site, the CSU-CHILL radar conducted 35 

high time resolution (~2.5 minute cycle time) Range Height Indicator (RHI) scans from a range 36 

of 13 km. The RHI data show that the negative Zdr values extended vertically through much of 37 

the reflectivity cores, implying that the reflectivity-weighted mean axis ratios of the graupel 38 

particles in this event remained somewhat prolate throughout their lifetime. Specifically, the 39 

convective shower cores only extended to heights of ~ 3.5 km AGL and had fractionally negative 40 

(~ −0.3 to −0.7 dB) Zdr levels in the cores. Particle image data obtained by the MASC camera 41 

system and by a co-located 2D video disdrometer measured the diameters, shapes, and fall 42 

speeds of the graupel particles as they reached the surface. The graupel particles were found to 43 

be primarily of the lump type with a slightly prolate mean shape (especially for the larger 44 

diameter particles). Microwave backscatter calculations confirm that the graupel particle shape 45 

and orientation characteristics are consistent with the observed slightly, but consistently, 46 

negative Zdr values. 47 

 48 

 49 

 50 
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1. Introduction 51 

1.1 Overview 52 

The Multi-Angle Snowflake Camera and Radar project (MASCRAD) was designed to 53 

characterize the microphysics of winter precipitation and modeling of associated polarimetric 54 

radar observables, with a longer-term goal to significantly improve radar-based quantitative 55 

precipitation estimation (or QPE) (Notaros et al. 2015).  To support this effort, two optical 56 

instruments capable of making detailed observations of individual hydrometeors, a two-57 

dimensional video disdrometer, (Schönhuber 2008), and a multi-angle snowflake camera (Garrett 58 

et al. 2012), were installed at a site located 13 km south-southeast of the CSU-CHILL radar in 59 

northeastern Colorado. To provide a reference for these hydrometeor observations, dedicated 60 

CSU-CHILL radar scans were conducted over the surface instrumentation site when 61 

precipitation was in progress.  One event of particular interest during the MASCRAD 62 

observational campaign was the occurrence of several graupel showers that affected the surface 63 

instrumentation site during the afternoon hours of 16 February 2015 (Bringi et al., 2015; 64 

Kennedy et al. 2015). The surface hydrometeor observations showed that these showers were 65 

primarily composed of irregularly shaped graupel particles, while the radar detected fractionally 66 

negative differential reflectivity, Zdr, values in the graupel shower echo cores.  67 

In this paper, we relate the time evolution of the hydrometeor physical characteristics as 68 

derived from the optical instrument data to the dual polarization radar data collected in the 69 

immediate vicinity of the optical sensors. The paper is organized as follows: Section 1 continues 70 

with background information on the formation processes and structural characteristics of graupel. 71 

Section 2 describes the MASCRAD project instrumentation and gives an overview of the 16 72 

February 2015 event in terms of the synoptic meteorological setting and the radar echo 73 
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evolution. Section 3 describes observations at the Easton site and presents details of the graupel 74 

shower hydrometeor characteristics and analysis of measured data. Section 4 provides 75 

estimations of the axis ratio and dielectric constant of recorded particles and scattering 76 

computations in comparison with radar measurements. Finally, conclusions are offered in 77 

Section 5. 78 

 79 

1.2 Graupel formation and dual polarization radar characteristics 80 

It has been recognized for some time that graupel particles are the outcome of rime 81 

accumulations that are heavy enough to obscure the original embryo particle (Knight and Knight 82 

1973).  Laboratory measurements (Cober and List 1993) have shown that the density of the rime 83 

deposit varies with the rate at which supercooled droplets impact the collecting graupel particle, 84 

the size distribution of the impacting supercooled drops, and the graupel surface temperature. 85 

The measured rime density values were generally between 0.2 and 0.4 g cm-3 in these 86 

experiments (Cober and List 1993).  Naturally-occurring graupel particle shapes have been 87 

classified into hexagonal, conical, or irregular lump categories (Magono and Lee 1966).  Wind 88 

tunnel studies have shown that the conical shape begins as the expanding rime deposit 89 

accumulates on the upwind (lower) surface of the growing particle (Pflaum et al. 1978). Pflaum 90 

et al. (1978) also noted that slight asymmetries in the graupel particle’s surface roughness, mass 91 

accumulation, etc. frequently induced pendulum-swing type motions. Rime collected during this 92 

swinging motion regime yields a conical particle shape. The final diameters of the graupel 93 

particles grown in this wind tunnel study averaged 1.1 mm.  At larger diameters and higher 94 

terminal velocities (Reynolds numbers above ~500), the orientations of ~2 cm diameter 95 

conically-shaped plastic graupel replicas falling through a liquid bath were observed to be more 96 
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unstable with quasi-random tumbling motions becoming preferred (List and Schumeneaur, 97 

1971).  Rime deposition during such tumbling particle motions leads to more spherical particle 98 

shapes. 99 

These graupel density, shape and orientation variations significantly affect the particle’s 100 

microwave backscatter properties.  Dry, low density rime composition will reduce the bulk 101 

complex dielectric constant, making the particle’s shape properties less apparent in dual-102 

polarization radar measurements (Aydin and Seliga 1984).  The size of the apex angle in conical 103 

graupel particles controls the maximum dimensions in the horizontal and vertical directions and 104 

variations in the ratio of the vertical to horizontal dimensions (or, loosely termed as axis ratio) 105 

can alter the sign of Zdr.  The scattering calculations of Evaristo et al. (2013) show that positive 106 

Zdr develops as the apex angle becomes larger than ~50° – 70° depending upon the assumed 107 

particle geometry.  At smaller apex angles, the axis ratio (ratio of maximum vertical dimension  108 

to maximum horizontal  dimension) > 1 or prolate-like shapes, resulting in negative Zdr whereas 109 

spherical particle shapes produce Zdr of 0 dB.  Oue et al. (2015) report on negative Zdr as well as 110 

negative specific differential phase, Kdp, from X-band polarimetric radar which were ascribed to 111 

conical graupel formed in Arctic mixed phase clouds but did not provide in-situ verification. 112 

Dual-polarization radar hydrometeor classification schemes generally associate graupel with 113 

reflectivity levels between 20 and 50 dBZ and differential reflectivity levels between −0.5 and + 114 

(1 to 2) dB (Liu and Chandrasekar 2000, and Straka et al. 2000).  Most of these broad radar 115 

parameter ranges are due to variations in the shape and effective density of the graupel particles 116 

(for Zdr) as well as the particle size distribution (PSD) (for horizontal reflectivity, Zh). Here, 117 

measurements of the PSD along with the axis ratio from two orthogonal views are utilized along 118 

with estimation of density (via fall speed measurements and Bӧhm’s methodology (Bӧhm 1989, 119 
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and  Huang et al. 2015) to compute Zh and Zdr for comparison with direct radar measurements of 120 

the same. This approach is expected to provide a more realistic method of comparing radar-121 

measured variations in the (Zh, Zdr)-plane with scattering calculations. Some earlier scattering 122 

studies assumed fixed conical shapes and particle densities to explain the negative Zdr signature 123 

observed by radar (Evaristo et al. 2013, and Oue et al. 2015).  124 

   125 

2.  16 February 2015 graupel shower observations 126 

2.1 MASCRAD project instrumentation  127 

The MASCRAD ground instrumentation site was established on the grounds of a small 128 

agricultural aviation airport (Easton Valley View) located at a range of 13.03 km on the 171.3° 129 

azimuth of the CSU-CHILL radar (Fig. 1) (Notaros et al. 2015; Kennedy et al. 2015).  A site at 130 

relatively close range was desired to reduce the vertical separation between the center of the 131 

radar beam and the underlying ground surface.  This effort was advanced by the ~30 m greater 132 

terrain height at the Easton site versus the CSU-CHILL location. The lowest antenna elevation 133 

angle that was free of ground clutter contamination at Easton was 1.5°.  At this elevation angle 134 

the CSU-CHILL main beam was located between the heights of ~192 and 420 m AGL over 135 

Easton. 136 

To reduce the effects of surface winds on the collection efficiency of the surface 137 

instruments, a two-thirds scale (8 m diameter) double fence intercomparison reference (DFIR) 138 

wind screen was constructed at the Easton site.  The DFIR enclosure housed a Pluvio model 200 139 

precipitation gauge and a surface mesonet station (measuring wind speed and direction, free air 140 

temperature, dew point, and atmospheric pressure) that was supplied by the National Center for 141 

Atmospheric Research (NCAR).  NCAR also installed mobile sounding equipment that allowed 142 
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radiosondes to be launched from Easton during periods of intensive observations.   The NCAR 143 

S-Pol radar located ~33 km southwest of Easton documented larger scale radar echo patterns 144 

during the MASCRAD project.  A summary of the CSU-CHILL radar operating characteristics is 145 

given in Table 1. 146 

In addition to the sensors described above, two optical hydrometeor-sensing instruments, 147 

a two dimensional video disdrometer (2DVD) and a multi-angle snowflake camera (MASC), 148 

were also installed at the Easton site.  The primary function of these optical instruments was to 149 

provide data to develop detailed three dimensional representations of the individual 150 

hydrometeor’s ice / air structures to support microwave scattering calculations.  Since the 3D 151 

particle reconstructions are not the primary thrusts of this paper, only a general overview of the 152 

observations provided by these optical instruments is given. 153 

Of the two optical hydrometeor instruments installed at Easton, the 2DVD has a longer 154 

history of usage.  The 2DVD used in the MASCRAD project was a low profile, third generation 155 

version of the instrument (Schönhuber 2008).  The 2DVD generates two horizontal planes of 156 

visible light that are focused on line scan cameras composed of linear arrays of 625 active pixels 157 

and horizontal resolution of 160 m (Fig. 2).  Hydrometeors falling through the light beams 158 

shadow the individual diodes; the shadowing status of the diode arrays is recorded at a 55.17 kHz 159 

sampling rate.  The two camera planes are perpendicular to each other, allowing two orthogonal 160 

silhouette views of the particles to be constructed.  The camera planes are separated in the 161 

vertical by a calibrated distance of ~6.2 mm.  Particle fall speeds are calculated from the time 162 

difference between the shadowing of the upper and lower light beams. The vertical resolution 163 

depends on the fall speed and is 100 m for a 5 ms-1 fall speed.  The virtual sampling area of the 164 

2DVD is ~10 cm × 10 cm. 165 
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The multi-angle snowflake camera (MASC) was more recently developed at the 166 

University of Utah (Garrett et al. 2012).  The basic MASC design uses three identical digital 167 

cameras mounted in a common horizontal plane with viewing angles that are separated by 36° 
168 

(Fig. 3a).  Two infrared motion detection beams with a vertical separation of 32 mm are located 169 

immediately above the common imaging volume of the cameras.  Falling hydrometeors interrupt 170 

the IR beams, triggering both a bank of LED flash lamps as well as the cameras.  Particle fall 171 

speeds are calculated based on the time delay between the interruptions in the upper and lower 172 

IR beams.  The camera and lens equipment used in the CSU MASC produces 2448 × 2048 pixel 173 

grayscale images with a resolution of 35 m per pixel. 174 

To improve the 3D particle reconstructions (Kleinkort et al. 2015), two additional lower 175 

resolution (1288 × 964 pixel) cameras with a downward-looking view into the sample volume 176 

were added (Fig. 3b).  The MASC horizontal sampling area is appreciably smaller than that of 177 

the 2DVD (~3 cm × 10cm vs. 10 cm × 10 cm). 178 

 179 

2.2 Synoptic setting and radar data summary 180 

The 16 February 2015 graupel shower activity in the MASCRAD project area took place 181 

during a general regime of northwesterly flow at the 500 hPa level. At 12 UTC on 15 February, a 182 

short wavelength trough containing 500 hPa temperatures in the −25 to −27°C range was 183 

analyzed over western Montana and central Idaho.  The general project forecast expectations 184 

were that periods of fairly widespread light to moderate snow would occur during the afternoon 185 

and overnight hours of Sunday, 15 February through the early morning of Monday, 16 February 186 

as the shortwave trough and associated surface cold front crossed the area.  Coordinated S-Pol 187 

and CSU-CHILL data collection took place between ~19 UTC on the 15th through ~16 UTC on 188 
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the 16th.  Three NCAR MGAUS (mobile GPS advanced upper-air system) soundings were 189 

launched from Easton between 05 and 13 UTC on the 16th.  Formal MASCRAD operations 190 

ended around 16 UTC on the 16th as most of the synoptic scale lift associated with the shortwave 191 

had moved south of the region.  Overnight snow accumulations of ~25–75 mm were recorded in 192 

the Rocky Mountain foothills 40–60 km west of the CSU-CHILL radar.  The immediate Easton 193 

area only received ~12 mm of snow.  194 

In the wake of the nocturnal shortwave trough passage, the tropopause level in the 13 195 

UTC Easton sounding had lowered to ~350 hPa (~6.5 km AGL; Fig. 4a).  The NWS 12 UTC 196 

constant pressure level analyses at the 700 and 500 hPa levels (not shown) indicated that cold air 197 

advection was occurring in the MASCRAD project area.  This is consistent with the overall 198 

backing wind directions that were observed between the surface and ~400 hPa in the Easton 199 

sounding.  Early morning forecast discussions issued by the NWS Denver-Boulder office noted 200 

the possibility of mid-day shower development as surface heating in conjunction with the cold 201 

air advection aloft acted to promote steep lapse rates.  This synoptic setting is quite similar to 202 

that described in an examination of two graupel shower events in (Evaristo et al. 2013).  Fig. 5 203 

shows the NWS sounding from one of the Evaristo el al. (2013) cases when conical graupel was 204 

observed at Lexington, MA. As in the Easton sounding, the close proximity of a mid-205 

tropospheric low pressure system resulted in a low tropopause height that surmounted a surface-206 

based moist layer containing relatively steep lapse rates.  The Evaristo et al. study linked surface 207 

heating in this synoptic environment to the development of low-topped convective showers that 208 

were observed to produce small (~8 mm diameter) conical graupel at the ground. 209 

Visibly growing cumulus clouds, some with opaque precipitation shafts, were first 210 

observed from the CSU-CHILL radar site at approximately 18:10 UTC on 16 February 2015.  At 211 
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18:26 UTC, these initial shower echoes, with maximum low elevation reflectivity levels of 30 – 212 

35 dBZ, were located along an axis that curved to the south and west of the Easton site (Fig. 6). 213 

The vertical structure of one of the more intense echo cores centered 28 km west of CSU-214 

CHILL was sampled in an RHI scan at 18:36 UTC (Fig. 7a).  The convective echoes were 215 

shallow with the 0 dBZ reflectivity level reaching a maximum height of only ~ 3.5 km AGL.  216 

This height was nearly 2 km less than the depth of the moist layer in the 13 UTC Easton 217 

sounding (Fig. 4a). The vertical echo development may have been restrained by the slightly more 218 

stable lapse rates near the ~600 hPa level in the Easton sounding (Fig. 4b).   The reflectivity 219 

cores in this RHI scan were consistently associated with negative Zdr values in the −0.5 to −0.2 220 

dB range (Fig. 7b).  Within the > 21 dBZ regions of these echo cores, a localized Zdr minimum 221 

sometimes occurred near the 3.5 – 4.0 km MSL (2.1 to 2.6 km AGL) height layer. These CSU-222 

CHILL Zdr values incorporate an adjustment to correct the −0.2 dB bias that was quantified using 223 

vertically pointed data obtained during a heavy snow event that occurred five days later.  As an 224 

additional check on the CSU-CHILL Zdr calibration, comparisons of the CHILL and S-Pol Zdr 225 

values observed over the Easton site were done for the 03–08 UTC period on 16 February 2015 226 

when the weakening precipitation echoes were still of usable strength. These comparisons 227 

indicated the CSU-CHILL Zdr values had a maximum uncertainty of less than ~0.05 dB (see the 228 

Appendix for details).  Finally, the Zdr data recorded by the NWS KFTG radar located near 229 

Denver (roughly 60 km south of the echo band shown in Fig. 6) also contained fractionally 230 

negative Zdr values in the high reflectivity areas of these showers. Negative Zdr  regions have been 231 

noted in the upper portions of thunderstorms where strong electric fields act to rotate the major 232 

axes of ice crystals towards the vertical (Hubbert et al, 2014).  The Northern Colorado Lightning 233 

Mapping Array is located in the immediate CSU-CHILL area; this technology has demonstrated 234 
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good sensitivity in the detection and 3D mapping of the VHF signals generated by various 235 

lightning phenomena (stepped leaders, etc.; Thomas et al., 2004).  The Northern Colorado LMA 236 

network did not detect any discharges during the afternoon hours of 16 February 2016.  Based on 237 

this, we suspect that cloud electrification played a minimal role in producing the observed 238 

negative Zdr  patterns. 239 

The cellular nature of the precipitation echoes that developed during the afternoon hours 240 

of 16 February 2015 implied that graupel production was localized.  To take advantage of an 241 

observing network with higher density than that provided by the NWS surface observation, the 242 

reports filed by the Community Collaborative Rain, Hail, and Snow (CoCoRaHS) network were 243 

examined.  These observers routinely file precipitation totals recorded over 24 hour intervals.  244 

They also are encouraged to enter remarks describing notable precipitation characteristics, such 245 

as the occurrence of graupel.  A total of 140 reports were filed from Larimer and Weld counties 246 

in Colorado (i.e., the immediate MASCRAD project area).  The remarks section in five of these 247 

reports mentioned observations of graupel.  The data archive for the Meteorological Phenomena 248 

Identification Near the Ground (mPING) was also examined for the local afternoon hours of 16 249 

February 2015.  This archive contained six reports mentioning either graupel or ice pellets. The 250 

locations of the four graupel reports (all from CoCoRaHs) within the geographical domain of 251 

Fig. 6 are marked with orange/red dots. Three of these reports were in the vicinity of the 252 

convective echo with the negative Zdr core characteristics shown in Fig. 6. 253 

 254 

3. Observations at the Easton site and detailed analysis of measured data 255 

Three consecutive, but separate, showers were recorded at the Easton site, from (i) 256 

19:30–19:34, (ii) 19:38–19:42, and (iii) 19:58–20:05 UTC. As these showers began to affect the 257 
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Easton site, repeated RHI scans with a cycle time of ~2.25 minutes were started.  Figs. 8–10 258 

show a sample of the echo evolution as period (i) began; similar evolution was also observed 259 

during periods (ii) and (iii).  The RHI data showed a repeated tendency for echo development to 260 

initially occur aloft in the 2–3 km AGL height interval.  These reflectivity cores typically 261 

contained an elevated echo maximum that remained near 2 km AGL.  Narrow curtains of 262 

enhanced reflectivity developed downwards from these elevated cores and reached the surface 263 

within ~3–5 minutes.  The majority of these developing/descending higher reflectivity cores 264 

were characterized by negative Zdr values on the order of −0.5 to −0.2 dB.  265 

 266 

3.1 Analysis of period (i) from 19:30–19:34 UTC 267 

Fig. 11 shows the vertical profile of radar data at 19:32 UTC over the Easton site. At this 268 

time, the reflectivity near the surface was ~25 dBZ and more or less uniform with height up to 269 

2 km; it then decreased rapidly to 0 dBZ at echo top. On the other hand, Zdr was noted to be 270 

uniform at −0.2 dB below 2 km to surface, and rapidly increasing with height from 2 km upward 271 

to 0.8 dB at 3.5 km height where the sounding temperature was −26°C (see Fig. 4b). Such a 272 

vertical profile is suggestive of graupel particles below 2 km which originated via riming of the 273 

pristine crystals that were probably the predominant particle type in the higher-altitude positive 274 

Zdr region.   275 

Fig. 12 shows a sample image recorded by one of the 2DVD cameras at 19:30:08 UTC.  276 

The equi-volume diameter was 3.5 mm and the measured fall speed was 2.6 ms-1.  These 277 

quantities are typical values for small diameter graupel.  Correspondingly, a sample image of the 278 

MASC cameras is shown in Fig. 13 at 19:30:18 UTC.  The MASC-derived diameter (4.3 mm) 279 

and fall speed (2.6 ms-1) are in good agreement with the 2DVD observations. 280 
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The mean vertical velocity versus diameter from the 2DVD for period (i) from 19:30–281 

19:34 UTC is shown in Fig. 14. The equi-volume diameter (D) and fall speed are obtained by 282 

processing the raw line scan data from the two orthogonal cameras as described in Huang et al. 283 

(2015).  Here, the mean fall speed in discrete bins of D is shown (with the +/−1σ bars) along 284 

with an exponential-type fit to the mean fall speed (dashed line). The fit to the mean fall speed 285 

versus D is representative of typical graupel reported in the literature (e.g., Locatelli and Hobbs 286 

1974).  A better fit to the observations was obtained by using an exponential relationship versus 287 

a power law.  288 

The hydrometeor size distributions for each of the three shower periods were developed 289 

using the methods of Huang et al. (2015) as applied to the 2DVD data (Fig. 15). Clearly, 290 

sampling issues are evident for the larger sizes with D > 5 mm (mainly for period ii discussed 291 

below) but the shape is reasonably close to exponential for 0.5 < D < 3 mm with different slopes 292 

and intercept parameters. 293 

 294 

3.2 Analysis of period (ii) from 19:38–19:42 UTC 295 

The second shower occurred between 19:38–19:42 UTC.  The associated vertical profiles 296 

of Zh and Zdr over Easton are shown in Fig. 16.   297 

While the general features of the vertical profiles shown in Figs. 11 and 16 are similar, 298 

the 2DVD data showed a mix of smaller graupel and larger aggregate particles during the later 299 

(19:38–19:42 UTC) period. The largest particle recorded by the 2DVD at 19:41:24 UTC is 300 

shown in Fig. 17 and seen to be clearly an aggregate (apparent D of 8.2 mm and measured fall 301 

speed of 1.3 ms-1).  302 
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An example MASC image of one of these large aggregates observed at 19:41:32 UTC is 303 

shown in Fig. 18.  This particle’s diameter and measured fall speed were 5.6 mm and 1.5 m-1, 304 

respectively.  Evidence of this aggregate’s complex structure and moderate degree of riming are 305 

also apparent in Fig. 18.  306 

The distribution of the hydrometeor vertical velocities obtained from the 2DVD 307 

measurements during the 19:38–19:42 UTC period is shown in Fig. 19.  This distribution clearly 308 

shows a population of both faster-falling graupel (D < 2 mm) and slower, higher drag coefficient 309 

snow aggregates (D > 2 mm).  The plotted points are the fall speeds for each individual particle 310 

and no fit is attempted for the mixture.  Visually, a power law fit is possible for D < 1 mm with 311 

more or less constant fall speed of 1.5 m/s being characteristic of the aggregates with D > 2 mm.  312 

The latter fall speed is typical for aggregates of dendrites (Brandes et al. 2008).  The particle size 313 

distribution averaged over this same four minute period (19:38–19:42 UTC) is shown in Fig. 20.  314 

This distribution is consistent with a mixture of smaller graupel (D < 2 mm) with larger snow 315 

aggregates (D > 3 mm with maximum of 8 mm).  316 

 317 

4. Scattering simulations and comparisons with radar measurements 318 

4.1 Estimation of the height/width ratio of particles from 2DVD images 319 

To understand the origin of the observed weak negative Zdr signatures we have used the 320 

2DVD images to estimate the height-to-width ratio (h/w) for all the particles recorded for the 321 

three periods as a function of D.  Fig. 21 illustrates the dimensions (h and w) obtained from the 322 

vertical ‘stack’ of line scans from one camera. The height is simply the vertical velocity 323 

multiplied by the total time needed to complete the stack of line scans, which is not dependent on 324 

the horizontal movement of the particle. The width is taken as the maximum line scan dimension 325 
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in the stack which is also not dependent on horizontal movement (in the presence of horizontal 326 

movement, the line scans are shifted horizontally so the stack appears skewed but the maximum 327 

line scan dimension is not altered).  A similar height-to-width ratio is performed for the 328 

orthogonal camera image and the final h/w is computed as the geometric mean of the two camera 329 

measurements. 330 

One can loosely refer to h/w ratio as the axis ratio of an equivalent spheroid (prolate if 331 

h/w > 1 and oblate if h/w < 1).  Fig. 22 shows the results in terms of bin averaged mean and 332 

+/−1σ bars of the axis ratio (i.e., averaged over bins of D).  While there is substantial scatter in 333 

the axis ratios, the fit to the mean axis ratios shows oblate-like shapes for D < 1 mm and weak 334 

prolate-like shapes for D > 2 mm.  One can consider this as a bulk axis ratio versus D relation for 335 

this data set (encompassing all three periods over Easton site).  It is clear that the mean axis ratio 336 

is prolate-like when D > 1 mm, whereas it is oblate-like for D < 1 mm.  For Rayleigh scattering, 337 

the corresponding single particle Zdr will be, correspondingly, negative and positive (in dB units). 338 

While the graupel shape varies considerably, the details of the shape are less important in 339 

determining the Zdr as opposed to whether the gross shape is oblate-like (positive Zdr) or prolate-340 

like (negative Zdr).  341 

 342 

4.2 Dielectric constant estimation and T-matrix scattering calculations vs. radar data 343 

To complete the scattering model (Mishchenko 2014) (given the size distribution and the 344 

axis ratio versus D), the particle density must be estimated from which the dielectric constant can 345 

be calculated using Maxwell-Garnet mixing formula (ice-air two component mixture). The 346 

methodology for computing the density follows Bӧhm (1989) and is adapted for 2DVD data by 347 

Huang et al. (2015) which is used herein. In brief, from the terminal fall speed, area ratio (ratio 348 
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of shadowed pixel area to minimum circumscribed ellipse), apparent D and environmental 349 

parameters, the mass is calculated for each particle (the error in derived particle mass has been 350 

estimated by Szyrmer and Zawadzki 2010 to be around 40-50%). Since the apparent volume is 351 

computed from the two orthogonal stacks, the density follows as the ratio of mass to volume. 352 

Finally, a power law fit to the mean density versus D is performed for the entire period (Fig. 23; 353 

the dielectric constant follows directly). The mean density for each period is also computed as 354 

the ratio of the mean mass to the mean volume. For the three periods they are, respectively, 0.18, 355 

0.06, and 0.19 g cm-3, respectively. The lower value obtained during period (ii) reflects the 356 

presence of large aggregates.  The densities so computed appear to be on the low side relative to 357 

the literature (Pruppacher and Klett 2010). However, as demonstrated below, the computed 358 

reflectivity would be too large as compared with the radar measurements if ad hoc assumption of 359 

fixed graupel density from the literature were assumed (≈ 0.5–0.7 g/cc).   360 

The size distribution averaged over each of the three periods, axis ratio versus D and 361 

dielectric constant are input to the T-matrix scattering code which computes radar reflectivity 362 

(Zh) and Zdr at S-band (note: the spheroids are assumed to be oriented with symmetry axis 363 

vertical). Fig. 24 shows the scatterplot of Zdr versus Zh from the radar data for the three periods. 364 

The radar data are averages obtained from the RHI scans at 1932, 1940 and 2000 UTC and in the 365 

0.5 – 1.0 km AGL height interval (ranges are ±5 km centered at Easton site). As noted in Section 366 

2.2, the calibration of the Zdr values has been validated using the procedures described in the 367 

Appendix. Overlaid are the results from the scattering model assuming (1) mean density within 368 

each period, (2) density versus D fit to the combined data from all three periods, and (3) 369 

assuming fixed particle densities of 0.2 and 0.4 g cm-3. The dielectric constant of dry graupel 370 

particles is computed using the Maxwell-Garnet mixing formula for a two-phase mixture of ice 371 
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and air. The dielectric factor |Kp|
2 = ρp

2 |Kice|
2 where  |Kice|

2   is the dielectric factor of solid ice and 372 

ρp  is the particle density. For each density model the lowest, intermediate and largest Zh 373 

correspond, respectively, to periods (iii), (i) and (ii). 374 

The trend from the scattering calculations shows weakly negative Zdr (lower bound of 375 

−0.4 dB) independent of Zh. For each density model described above, the lowest, intermediate 376 

and largest Zh correspond, respectively to periods (iii), (i) and (ii) which is consistent with the 377 

occurrence of larger sizes in the respective N(D) (see Fig. 15). But the |Zdr| is relatively constant 378 

for each density model independent of Zh.   379 

The scatter from the different density assumptions falls within the scatter from the radar 380 

measurements though the radar Zdr values span both positive and negative Zdr. This is shown 381 

more clearly in Fig. 25, depicting the histogram of radar measured Zdr, which is skewed to 382 

negative values. Overall, the scattering simulations using 2DVD-derived parameters of the 383 

variation of Zdr versus Zh capture the weak trend towards negative Zdr that was observed by radar.  384 

 385 

4.3 Analysis of LDR radar measurements from RHI scans over Easton 386 

Finally, Fig. 26 shows a scatterplot of the linear depolarization ratio (LDR: trasmit H and 387 

receive V) versus reflectivity (at H-polarization) to illustrate the range of LDR in the winter 388 

graupel example. The radar is capable of measuring LDR values as low as −40 to −43 dB (Bringi 389 

et al. 2011).  The LDR system bias was corrected using solar scans (Brunkow et al. 2000). To 390 

avoid noise biasing the LDR measurement, the data shown in Fig. 26 were selected with the 391 

crosspolar SNR (signal to noise ratio) > 5 dB. Note that the radar data were collected using 392 

alternate pulsing of the H and V transmitters with PRT of 0.5 msec. The high speed transfer 393 

switch (after the low noise amplifiers) was exercised to route the copolar (i.e., HH and VV) 394 
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signals to one receiver and the crosspolar (i.e., VH and HV) signals to the second receiver 395 

(Brunkow et al. 2000). 396 

  While Zdr is related to the reflectivity-weighted mean axis ratio of the backscattering 397 

particles within the radar pulse volume, the LDR is responsive to the presence of non-spherical, 398 

relatively high dielectric particles that are oriented at appreciable angles to the incident H 399 

polarized radar waves.  Since the graupel particles observed in this case had only modest 400 

departures from spherical shapes and were composed of low bulk density ice, LDR are expected 401 

to be small (i.e., below the ~−26 dB values associated with large raindrops; Bringi and 402 

Chandrasekar 2001).  The LDR values from the graupel showers range from −36 to −29 dB with 403 

average around −32 dB, independent of reflectivity. In general, the LDR will vary with particle 404 

density, canting angle, and axis ratio distributions, and less so with reflectivity (excluding the 405 

rain case where the mean axis ratio decreases with increasing size; Bringi and Chandrasekar 406 

2001).  As such, scattering simulations of LDR  using bulk assumptions about particle density, 407 

canting angle, and shape cannot give the range of values obtained from direct measurements. 408 

Rather, a ‘particle-by-particle’ scattering simulation approach is needed (Thurai et al. 2009).  409 

 410 

5. Conclusions 411 

Graupel in this case was produced by low-topped convective cells whose development 412 

was promoted by cold mid-tropospheric temperatures (500 hPa environmental temperature of 413 

~−27°C).  While no in-situ data are available, we surmise that the several meters per second 414 

updraft magnitudes that typically exist in the active regions of clouds of this type were strong 415 

enough to generate a supercooled liquid environment in which graupel particles grew by riming. 416 

Sub-freezing temperatures and relatively humid conditions between the mid-tropospheric and 417 
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near-surface levels aided the survival of the graupel particles as they descended to the ground.  418 

The most distinctive dual polarization radar characteristic of these graupel showers was their 419 

slightly, but consistently, negative Zdr.  These graupel shower synoptic environment and radar 420 

characteristics are consistent with those found by Evaristo et al. (2013). 421 

This study has provided more detailed observations in terms of high time resolution RHI 422 

scans of the parent convective echoes and physical characterizations of the individual graupel 423 

particles obtained from surface-based optical instruments.  The RHI data showed that the 424 

negative Zdr values extended vertically through much of the reflectivity cores. Within these echo 425 

cores, there was a tendency for slightly more negative Zdr to occur in the 2.1 to 2.6 km AGL 426 

height region.  Wind tunnel studies of “freely falling” graupel particles have shown that various 427 

swinging, pendulum type motions occur as rime accumulates on the bottom (upstream) surface 428 

of the particle (Pflaum et al. 1978).  The resultant concial shapes tend to fall with the major axis 429 

oriented towards the vertical direction with the apex up (Ziknunda and Vali 1972), promoting 430 

negative Zdr values.  Graupel particles that reach larger diameters and higher Reynolds numbers 431 

have a greater tendency to develop tumbling motions that would result in Zdr ≈ 0 dB (List and 432 

Schemenaur 1971).  We speculate that conical graupel shapes may have been more prevelant in 433 

the ~2.1–2.6 km AGL levels of the echo cores where Zdr tended to be slightly more negative. 434 

Apparently the growth and reorientation process that were active during the particle’s subsequent 435 

descent to the surface caused the graupel shapes to tend more towards the irregular lumps seen in 436 

the optical instrument images. The height-to-width ratio statistics calculated from the 2DVD data 437 

show that the primarily lump type graupel particles observed in this case still had a slightly 438 

prolate mean shape characteristic.  Apparently, the growth-related transition to quasi-spherical 439 

graupel shapes, with a characteristic Zdr of ~0 dB, was not completed in this event. 440 



20 
 

Three consecutive periods (each lasting ~ 4 minutes) of graupel showers were recorded 441 

by the 2DVD and the MASC at the Easton measurement site coordinated with high resolution 442 

radar RHI scans. The 2DVD measurements of fall speed and size were used to estimate the mean 443 

density for each period as well as the density versus size fit to data from all three periods using 444 

Bӧhm’s (1989) methodology. The height-to-width ratio was determined for each particle and a 445 

mean fit of this ratio with size was obtained along with the average PSD for each period. The T-446 

matrix method was used to calculate the reflectivity and Zdr for each of the three periods under 447 

different density estimates including fixed density of 0.2 and 0.4 g cm-3. The simulated Zdr values 448 

were seen to be slightly negative depending on the density assumption, in agreement with the 449 

radar measurements from range resolution volumes above the Easton site (which encompassed 450 

both positive and negative Zdr but with a distinct negative skewness in the histogram shape). The 451 

scatterplot of Zh versus Zdr from the simulations showed good agreement with the corresponding 452 

radar-based measurements. The density estimation was found to be an important factor in 453 

constraining both the simulated reflectivity and Zdr values to fall within the radar-based values.  454 

LDR values generated by the lump-type graupel shapes in these showers averaged ~−32 dB.  455 

This value is consistent with the slightly prolate particle axis ratios that were derived from the 456 

2DVD statistics.   457 

 458 
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APPENDIX 470 

CSU-CHILL Radar Zdr Calibration Verification 471 

During the MASCRAD campaign, NCAR’s S-Pol radar was also used to perform regular 472 

scans over Easton during significant events. Although the S-Pol radar did not operate during the 473 

time of the graupel event on 16 Feb 2015, it did however perform the (pre-defined) Easton 474 

schedule scans during a widespread snow event about 12 h earlier. As with the CHILL scan 475 

schedule, the S-Pol scans also included regular RHI scans over the Easton site. Fig. A1(a) shows 476 

the locations of the CHILL radar and the S-Pol radar (marked with solid black dots) as well as 477 

the directions of the RHI scans over Easton (black lines). While the Easton site was 13 km away 478 

from the CHILL radar, the range from the S-Pol radar site was 33 km along 45° azimuth. The 479 

hypothesis is that by comparing the Zdr histograms from the two independently calibrated radars 480 

from a widespread snow event (albeit some 12 h earlier to the graupel event) will give strong 481 

credibility to the physical interpretation of the weak negative CHILL Zdr measurements in the 482 

graupel event reported in this article. One caveat is that the two radars have different viewing 483 

angles of the snow but the Zdr difference (in our case of aggregated low density snow) is 484 

expected to be negligible.  485 
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For S-Pol, the Zdr offset was determined by the method described by Hubbert (private 486 

communication) which depends (among other factors) on the ambient temperature at the S-Pol 487 

radar site. The accuracy of the S-Pol Zdr calibration using this technique (which was fine-tuned 488 

for the snow event) is expected to be within −+0.01 dB or better. In the case of CHILL Zdr the 489 

calibration was obtained via analysis of vertical pointing (VP) data from another snow event 5 490 

days later which was applied to the graupel case reported in this article and to the snow event 491 

reported in this Appendix.  492 

The S-Pol and CHILL radar data over the Easton site were extracted from their 493 

corresponding RHI scans for a five hour period, viz., from 03:00 to 08:00 UTC on 16 Feb 2015. 494 

Fig. A1(b) compares the histograms of the respective Zdr values over the 0.6–1.4 km height 495 

interval over the Easton site, with Zh > 10 dBZ. The latter threshold was determined so as to 496 

ensure high SNR (> 10–15 dB for the S-Pol radar) and to minimize any differences due to 497 

somewhat different Zdr noise correction procedures employed by the two radars. CHILL 498 

histograms are shown as grey dotted line, and the S-Pol shown as black solid line. As seen from 499 

Fig. A1(b), both the CHILL Zdr histogram and the S-Pol Zdr histogram are very close to each 500 

other. In order to quantify the differences between the two histograms, a non-linear least-squares 501 

fit to a Gaussian function f(x) was performed for both cases, where f(x) is given by: 502 

 
2
2

2
1 2)(

0e)(
aax

axf


 ,  503 

where x represents Zdr and f(x) represents the percentage probability associated with the 504 

histograms. The closest visual agreement was obtained when an offset adjustment of +0.05 dB 505 

was added to CHILL Zdr assuming that S-Pol serves as ‘truth’. The fitted curves are also included 506 

in Fig. A1(b), and as seen the two curves are very close to each other. The best-fit coefficients 507 

were: 508 
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CHILL:  a0 = 11.0     a1 = 0.35    a2 = 0.34 509 

S-Pol:  a0 = 10.6     a1 = 0.36    a2 = 0.37 510 

where a0 represents maximum value of f(x), and a1 and a2 are, respectively, the mean and  511 

standard deviation of x from the fitted Gaussian curves. Once again, they are numerically very 512 

close to each other. Thus, the CHILL Zdr calibration adjustment appropriate for the snow time 513 

period of 03:00–08:00 UTC can be assumed to be +0.05 dB.  514 

To account for possible small receiver front-end drifts (affecting bias in Zdr) due to the 515 

warming trend from the snow event to the graupel event, we have made use of data from test 516 

pulses regularly injected at the receiver front-end inputs during operations and have determined 517 

that the relative change in the Zdr drift due to the receiver front-ends only is a further −0.07 dB. 518 

The drift appears to be correlated with temperature change at the University of Northern 519 

Colorado (located ~7 km southwest of CSU-CHILL), as shown in Fig. A2(a) and (b). Thus, 520 

assuming there is no differential change in the passive H and V microwave paths (due to 521 

temperature change) from antenna feed to the test pulse injection plane, the best estimate for the 522 

Zdr offset adjustment (over and above the VP-scan based calibration) during the graupel event is 523 

inferred to be −0.02 dB. To conclude, the Zdr calibration as applied to the graupel event is 524 

expected to be accurate to within ±0.05 dB.  525 

 526 
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Tables 638 

Table 1: CSU-CHILL radar characteristics in MASCRAD 2014/2015 winter campaign: 639 

CSU-CHILL radar parameter  

Wavelength (cm) 11.0 

3 dB beamwidth (deg) 1.0 

Peak transmit power (KW) 430 

Pulse repetition frequency (kHz) 2.0 

Polarization mode Alternating VH 

Linear Depolarization Ratio measurement limit (dB) ~ -40 

Range gate length (m) 150 

Antenna elevation (m MSL) 1432 

 640 

  641 
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Figure Caption List 642 

 643 

Figure 1. Locations of the primary observing sites used in the 2014/2015 MASCRAD 644 

operations.  Horizontal distances are in km from the CSU-CHILL radar. 645 

  646 

Figure 2. Schematic diagram of the two-dimensional video disdrometer (2DVD) (after 647 

Schönhuber et al. 2008). 648 

 649 

Figure 3. (a) Schematic diagram of the basic multi-angle snowflake camera (MASC; Garrett et 650 

al 2012).  Irregular yellow-shaded area indicates the region in which falling hydrometeors will 651 

trigger the lights and cameras. (b) The CSU MASC installation, including two additional 652 

externally added cameras, at the Easton site. 653 

 654 

Figure 4. (a) Skew T-Log P plot of the data launched at 13:01 UTC on 16 February 2015 from 655 

the Easton site.  Wind speeds plotted in m s-1. (b) Magnified view of the lower, graupel shower-656 

bearing, portion of the sounding shown in (a).  For reference, the 700 hPa height (-12.5o C) is at 657 

1550 m AGL and the 500 hPa height (-30.6o C) is at 4030 m AGL. The graupel shower echo top 658 

height was ~3.5 km AGL (see Figure 11).  The sounding temperature at this height was -26o C. 659 

   660 

Figure 5. Skew T-Log P plot of the NWS sounding from Chatham, MA at 12 UTC on 12 April 661 

2012.  Showers producing small, conical graupel at the surface were observed later on this day 662 

(Evaristo et al. 2013). 663 

 664 
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Figure 6. Reflectivity data from the CSU-CHILL radar at 18:24 UTC on 16 February 2015.  665 

Elevation angle is 3°; axis labels are in km from an origin at the CSU-CHILL radar. 666 

 667 

Figure 7. CSU-CHILL RHI scan reflectivity (a) and differential reflectivity (b) data on an 668 

azimuth of 261° at 18:35 UTC on 16 February 2015.  For reference with panel (a), the solid blue 669 

contours in panel (b) are 21 and 27 dBZ. 670 

 671 

Figure 8. (a) CSU-CHILL RHI scan data taken on the azimuth of the Easton site (171°) at 672 

19:26:43 UTC on 16 February 2015. Easton is located essentially at the 13 km range mark. (a) Zh 673 

in dBZ. (b) Zdr in dB. Solid blue contour lines are 21 and 27 dBZ.  674 

 675 

Figure 9. As in Fig. 8 but for the volume start time at 19:29:20 UTC (on 16 February 2015). 676 

 677 

Figure 10. As in Fig. 8 but for the volume start time at 19:31:57 UTC. 678 

 679 

Figure 11.  Height profiles of Zh (blue) and Zdr (red) averaged over a range interval of ± 0.25 km 680 

of the Easton site at 19:32 UTC on 16 February 2015. Temperatures (oC) from the 13 UTC 681 

Easton sounding are indicated on the abscissa at height intervals of 0.5 km. Temperatures from 682 

the 00 UTC NWS Denver sounding are also given. Note that above height of 3.8 km the Zdr data 683 

were classified as being due to “non-meteo” echoes and should be disregarded.  684 

 685 
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Figure 12. Sample graupel image from one camera of the 2DVD collected at 19:30:08 UTC (on 686 

16 February 2015) at the Easton site. The equi-volume spherical D is 3.5 mm using the images 687 

from both cameras. The measured fall speed was  2.6 m/s.  688 

 689 

Figure 13. Sample graupel image from one camera of the MASC (in Fig. 3b) at 19:30:18 UTC. 690 

Via 3D reconstruction using five images, the equi-volume spherical D is 4.3 mm and fall speed 691 

was observed to be 2.6 m/s. 692 

 693 

Figure 14. The bin-averaged vertical velocity versus equi-volume diameter (D) from the 2DVD 694 

for period (i) (19:30-19:34 UTC, on 16 February 2015). The +/− 1σ bars are shown along with 695 

an exponential fit (dashed blue line). The power law fit is shown by the dashed red line. The 696 

hydrometeors were predominantly small graupel during this time period. 697 

 698 

Figure 15. Hydrometeor size distribution N versus D for the three precipitation shower events. 699 

The presence of larger diameter snow aggregates is apparent during period (ii) (plotted in black). 700 

The total number of particles sampled during periods (i), (ii) and (iii) were, respectively, 1917, 701 

619 and 513.  702 

 703 

Figure 16. As in Fig. 11 but for 19:40 UTC (shower event period (ii)). 704 

 705 

Figure 17. Sample 2DVD image of a large aggregate (D = 8.2 mm; fall speed: 1.3 m/s) at 706 

19:41:24 UTC. 707 

  708 
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Figure 18. Sample MASC image of a large aggregate (D = 5.6 mm; fall speed: 1.5 m/s) at 709 

19:41:32 UTC. 710 

 711 

Figure 19. Scatterplot of the vertical velocity versus D from the 2DVD for period (ii) (19:38–712 

19:42 UTC). 713 

 714 

Figure 20. Particle size distribution N(D) for period (ii). 715 

                  716 

Figure 21. Example of the estimation of height (h) and width (w) from a sample single-camera 717 

2DVD image. The h/w ratio is here loosely referred to as ‘axis ratio’. 718 

 719 

Figure 22. Plot of the bin averaged mean of the height/width versus D from the 2DVD for the 720 

entire graupel shower period. Bars depict the +/−1σ extent of the axis ratio values in each 721 

diameter bin.  Mean fit is shown as blue solid line. Dashed line represents height/width = 1.  722 

 723 

Figure 23. Hydrometeor bulk density vs. diameter for the entire observation period. Vertical bars 724 

indicate +/- 1 range around the mean value in each diameter bin. Red line is 5th order 725 

polynomial fit to the observations: note that we assume ρ(D>2.875 mm) = ρ(D=2.875 mm) for 726 

the polynomial fit. Green dashed line is the fitted power law density versus diameter relationship. 727 

 728 

Figure 24. Zdr versus Zh from radar measurements for all three time periods compared with 729 

scattering simulations based on the N(D), mean axis ratio, and density from the 2DVD (various 730 
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density models are as indicated in the legend). For each density model the lowest, intermediate 731 

and largest Zh correspond, respectively, to periods (iii), (i) and (ii). 732 

 733 

Figure 25. Histogram of radar measured Zdr from all RHI scans over the Easton site from 19:34–734 

20:11 UTC. Data selected from the range interval 10–22 km (range to the Easton site is ~13 km) 735 

and height interval 0.5–1.0 km (AGL). 736 

 737 

Figure 26. Scatterplot of LDR versus reflectivity radar measurements from RHI scans over 738 

Easton.  Data selected from the range interval between 10 and 22 km and height interval between 739 

0.5 and 3.0 km (AGL). Bin averaged LDR is also shown along with +/−1σ bars.  740 

 741 

Figure A1. (a) Depiction of the locations of the CSU-CHILL and NCAR S-Pol radars relative to 742 

the Easton instrumentation site. (b) Histograms of Zdr data in the immediate Easton area during 743 

widespread snow in the 03 – 08 UTC period on 16 February 2015. S-Pol data plotted in black 744 

and CSU-CHILL data in grey.  745 

 746 

Figure A2. (a) Difference in dB of the test pulse signal levels recorded in the H and V receiver 747 

channels of the CSU-CHILL radar as a function of time on 16 February 2015. (Note: The data 748 

gap in the 17 – 18 UTC period occurred when the radar was put into standby mode to await echo 749 

development). (b) Ambient air temperature measurements for the same time period as recorded 750 

at the University of Northern Colorado Earth Science Department. This measurement site is 751 

approximately 7 km southwest of the CSU-CHILL radar. 752 

  753 
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Figures 754 

 755 

Figure 1. Locations of the primary observing sites used in the 2014/2015 MASCRAD 756 

operations.  Horizontal distances are in km from the CSU-CHILL radar. 757 

 758 

  759 

Figure 2. Schematic diagram of the two-dimensional video disdrometer (2DVD) (after 760 

Schönhuber et al. 2008). 761 
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         762 

            (a)          (b) 763 

Figure 3. (a) Schematic diagram of the basic multi-angle snowflake camera (MASC; Garrett et 764 

al 2012).  Irregular yellow-shaded area indicates the region in which falling hydrometeors will 765 

trigger the lights and cameras. (b) The CSU MASC installation, including two additional 766 

externally added cameras, at the Easton site. 767 

 768 

 769 

 770 

 771 
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 772 

(a) 773 

 774 

(b) 775 

Figure 4. (a) Skew T-Log P plot of the data launched at 13:01 UTC on 16 February 2015 from 776 

the Easton site.  Wind speeds plotted in m/s. (b) Magnified view of the lower, graupel shower-777 

bearing, portion of the sounding shown in (a).  For reference, the 700 hPa height (-12.5o C) is at 778 

1550 m AGL and the 500 hPa height (-30.6o C) is at 4030 m AGL. The graupel shower echo top 779 

height was ~3.5 km AGL (see Figure 11).  The sounding temperature at this height was -26o C. 780 
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  781 

Figure 5. Skew T-Log P plot of the NWS sounding from Chatham, MA at 12 UTC on 12 April 782 

2012.  Showers producing small, conical graupel at the surface were observed later on this day 783 

(Evaristo et al. 2013). 784 
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 785 

Figure 6. Reflectivity data from the CSU-CHILL radar at 18:24 UTC on 16 February 2015.  786 

Elevation angle is 3°; axis labels are in km from an origin at the CSU-CHILL radar. 787 

 788 
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 789 

Figure 7. CSU-CHILL RHI scan reflectivity (a) and differential reflectivity (b) data on an 790 

azimuth of 261° at 18:35 UTC on 16 February 2015.  For reference with panel (a), the solid blue 791 

contours in panel (b) are 21 and 27 dBZ. 792 

 793 

 794 

 795 

 796 
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 797 

Figure 8. (a) CSU-CHILL RHI scan data taken on the azimuth of the Easton site (171°) at 798 

19:26:43 UTC on 16 February 2015. Easton is located essentially at the 13 km range mark. (a) Zh 799 

in dBZ. (b) Zdr in dB. Solid blue contour lines are 21 and 27 dBZ.  800 

 801 

 802 

 803 

Figure 9. As in Fig. 8 but for the volume start time at 19:29:20 UTC (on 16 February 2015). 804 
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 805 

Figure 10. As in Fig. 8 but for the volume start time at 19:31:57 UTC. 806 

 807 

 808 

 809 

 810 

 811 
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 812 

Figure 11.  Height profiles of Zh (blue) and Zdr (red) averaged over a range interval of ± 0.25 km 813 

of the Easton site at 19:32 UTC on 16 February 2015. Temperatures (oC) from the 13 UTC 814 

Easton sounding are indicated on the abscissa at height intervals of 0.5 km. Temperatures from 815 

the 00 UTC NWS Denver sounding are also given. Note that above height of 3.8 km the Zdr data 816 

were classified as being due to “non-meteo” echoes and should be disregarded. 817 

 818 
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 819 

Figure 12. Sample graupel image from one camera of the 2DVD collected at 19:30:08 UTC (on 820 

16 February 2015) at the Easton site. The equi-volume spherical D is 3.5 mm using the images 821 

from both cameras. The measured fall speed was  2.6 ms-1. 822 

 823 

 824 
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 825 

Figure 13. Sample graupel image from one camera of the MASC (in Fig. 3b) at 19:30:18 UTC. 826 

Via 3D reconstruction using five images, the equi-volume spherical D is 4.3 mm and fall speed 827 

was observed to be 2.6 ms-1. 828 

 829 
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 830 

Figure 14. The bin-averaged vertical velocity versus equi-volume diameter (D) from the 2DVD 831 

for period (i) (19:30-19:34 UTC, on 16 February 2015). The +/− 1σ bars are shown along with 832 

an exponential fit (dashed blue line). The power law fit is shown by the dashed red line. The 833 

hydrometeors were predominantly small graupel during this time period. 834 

 835 

 836 

 837 
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 838 

Figure 15. Hydrometeor size distribution N versus D for the three precipitation shower events. 839 

The presence of larger diameter snow aggregates is apparent during period (ii) (plotted in black). 840 

The total number of particles sampled during periods (i), (ii) and (iii) were, respectively, 1917, 841 

619 and 513.  842 

 843 
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 844 

Figure 16. As in Fig. 11 but for 19:40 UTC (shower event period (ii)). 845 

 846 

 847 

 848 

Figure 17. Sample 2DVD image of a large aggregate (D = 8.2 mm; fall speed: 1.3 m-1) at 849 

19:41:24 UTC. 850 
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 851 

Figure 18. Sample MASC image of a large aggregate (D = 5.6 mm; fall speed: 1.5 ms-1) at 852 

19:41:32 UTC. 853 

 854 

 855 
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 856 

Figure 19. Scatterplot of the vertical velocity versus D from the 2DVD for period (ii) (19:38–857 

19:42 UTC). 858 

 859 

 860 

 861 

 862 

Figure 20. Particle size distribution N(D) for period (ii). 863 

 864 

 865 
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                  866 

Figure 21. Example of the estimation of height (h) and width (w) from a sample single-camera 867 

2DVD image. The h/w ratio is here loosely referred to as ‘axis ratio’. 868 

 869 

 870 

 871 

Figure 22. Plot of the bin averaged mean of the height/width versus D from the 2DVD for the 872 

entire graupel shower period. Bars depict the +/−1σ extent of the axis ratio values in each 873 

diameter bin.  Mean fit is shown as blue solid line. Dashed line represents height/width = 1.  874 
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 875 

Figure 23. Hydrometeor bulk density vs. diameter for the entire observation period. Vertical bars 876 

indicate +/- 1 range around the mean value in each diameter bin. Red line is 5th order 877 

polynomial fit to the observations: note that we assume ρ(D>2.875 mm) = ρ(D=2.875 mm) for 878 

the polynomial fit. Green dashed line is the indicated power law density vs. diameter 879 

relationship. 880 

 881 
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 882 

Figure 24. Zdr versus Zh from radar measurements for all three time periods compared with 883 

scattering simulations based on the N(D), mean axis ratio, and density from the 2DVD (various 884 

density models are as indicated in the legend). For each density model the lowest, intermediate 885 

and largest Zh correspond, respectively, to periods (iii), (i) and (ii). 886 

 887 

 888 

 889 

Figure 25. Histogram of radar measured Zdr from all RHI scans over the Easton site from 19:34–890 

20:11 UTC. Data selected from the range interval 10–22 km (range to the Easton site is ~13 km) 891 

and height interval 0.5–1.0 km (AGL). 892 
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 893 

Figure 26. Scatterplot of LDR versus reflectivity radar measurements from RHI scans over 894 

Easton.  Data selected from the range interval between 10 and 22 km and height interval between 895 

0.5 and 3.0 km (AGL). Bin averaged LDR is also shown along with +/−1σ bars. 896 

 897 

 898 

 899 

 900 

 901 

 902 

 903 
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 904 

(a) 905 

 906 

(b) 907 

Figure A1. (a) Depiction of the locations of the CSU-CHILL and NCAR S-Pol radars relative to 908 

the Easton instrumentation site. (b) Histograms of Zdr data in the immediate Easton area during 909 

widespread snow in the 03 – 08 UTC period on 16 February 2015. S-Pol data plotted in black 910 

and CSU-CHILL data in grey.  911 
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 912 

Figure A2. (a) Difference in dB of the test pulse signal levels recorded in the H and V receiver 913 

channels of the CSU-CHILL radar as a function of time on 16 February 2015. (Note: The data 914 

gap in the 17 – 18 UTC period occurred when the radar was put into standby mode to await echo 915 

development). (b) Ambient air temperature measurements for the same time period as recorded 916 

at the University of Northern Colorado Earth Science Department. This measurement site is 917 

approximately 7 km southwest of the CSU-CHILL radar. 918 




