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Abstract 32 

The relationships between the radar reflectivity factor for horizontal polarization (Zh) at X-33 

band and liquid-equivalent snowfall rate (R) are presented for six hydrometeor classes of 34 

solid precipitation. These relationships were derived by comparing the values of Zh, R, and 35 

the hydrometeor class obtained by performing simultaneous observations in the Niigata 36 

Prefecture, Japan. The relationships were assumed to be of the form Zh = B R1.67, where B 37 

denotes an experimentally determined coefficient. The values of R and the hydrometeor 38 

class were determined using a high-resolution precipitation gauge and an optical 39 

disdrometer, respectively, set up inside a windshield net. The average Zh value was 40 

determined for an analysis area of approximately 100 km2, located upwind of the ground-41 

observation site. The prevailing hydrometeor class, its representative size, and the fall 42 

speed, along with the average Zh, R, and B values, were determined for 48 cases that 43 

were considered over three winters. The average B value for the “heavily rimed snow 44 

aggregate” was smaller than that for the “rimed snow aggregate”. The largest B value was 45 

derived for a case of aggregates of unrimed dendritic particle (unrimed-D class). The case 46 

involving the aggregates of unrimed low-temperature-type crystals (unrimed-C class) 47 

showed the smallest B value. For graupel cases, the average B value was roughly twice 48 

that of the rimed and heavily rimed snow aggregate classes and much smaller than that of 49 

the unrimed-D class. Snow aggregates demonstrated a stronger or weaker backscattering 50 
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than graupel depending on the riming degree and types of constituent ice crystals in the X-51 

band. 52 

 53 

Keywords  solid precipitation particle, radar, Z-R relationship  54 
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1. Introduction 55 

 The relation between the equivalent radar reflectivity factor (Zh, for horizontal 56 

polarization, in mm6 m-3) and liquid-equivalent snowfall rate (R, in mm h-1) changes 57 

significantly with the shape of solid precipitation particles (e.g., Sato et al., 1980), causing 58 

difficulty in quantitative precipitation estimation (QPE) using ground- and space-borne 59 

radars. Rasmussen et al. (2003) theoretically demonstrated that variations in Zh-R 60 

relationship for snow aggregates depend on the size distribution-function intercept, fall 61 

speed, and the dry/wet (including rimed snowflakes) condition of the precipitation particles. 62 

Further, the precipitation intensity varies by approximately four times for the same Zh value. 63 

Additionally, they revealed that precipitation intensities determined using experimental 64 

formulae from existing literature fall within this range. However, Rasmussen et al. (2003) 65 

assumed the fall speed of particles to equal 0.9 m s-1 and they did not discuss the Zh-R 66 

relationship for graupel. 67 

 Ohtake and Henmi (1970) derived the following Zh-R relationship for graupel: 68 

 69 

 Zh = 202 R1.6.  (1)  70 

 71 

Eq. (1) is nearly identical to the well-known equation of Marshall and Palmer (1948, which 72 

was revised by Marshall and Gunn (1952)) represented by 73 
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 74 

 Zh = 200 R1.6.  (2)  75 

 76 

Although the values of the exponents in Eqs. (1) and (2) differ from that reported by 77 

Rasmussen et al. (2003) (i.e., 1.67), they lie in the middle of the range for the Zh-R 78 

relationships reported by Rasmussen et al. (2003). Applying Eq. (2) to snowfall as a rough 79 

approximation is not necessarily incorrect, as first indicated by Marshall and Gunn (1952). 80 

They assumed the fall speed of snow to be 1 m s-1 and described that “snowfall (rainfall) R 81 

can be determined within a factor of 3.5 (2.5).” For radar QPE, the Global Precipitation 82 

Measurement (GPM) algorithm (Seto et al. 2021) and ground-based applications require 83 

Zh-R relationships and other snow parameters such as DFR (differential frequency ratio; 84 

Liao et al. 2020, Yu et al. 2021) to be derived considering the microphysical characteristics 85 

of precipitation particles, that is, the hydrometeor classes of solid precipitation and 86 

raindrop-size distribution. 87 

 Actual solid precipitation particles are a mixture of various particles (such as 88 

snowflakes and graupel) changing with time. Therefore, it is necessary to consider the 89 

prevailing hydrometeor class when deriving Zh-R relationships for a mesoscale cloud 90 

system. Fujiyoshi et al. (1990) obtained Zh-R relationships for snowflakes consisting of 91 

rimed dendrites by directly comparing 1273 pairs of data using 1-min-interval surface 92 
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snowfall intensities and 3-min-interval Zh values at a low elevation angle (1.5°). They also 93 

showed that the 30-min-average values yield a higher correlation coefficient of the Zh-R 94 

relationship than the 1-min-interval data, indicating the difficulty in explicitly reflecting 95 

detailed changes inside a cloud in Zh-R relationships.  96 

 This paper discusses variations in Zh-R relationships with regard to the degree of 97 

riming. To this end, we have derived Zh-R relationships for six hydrometeor classes of 98 

solid precipitation (“unrimed-C”, “unrimed-D”, “rimed snow aggregate”, “heavily rimed snow 99 

aggregate”, “graupel”, and “small particle”) by defining “cases” with time durations 100 

exceeding 30 min. A field experiment involving a weather radar and ground observation 101 

site was conducted in the Niigata Prefecture, Japan—a heavy-snowfall area (“gosetsu 102 

chitai”) facing the Sea of Japan (Steenburgh and Nakai 2020). Precipitation particles were 103 

observed on the ground within the range of the radar, and direct data comparison was 104 

possible. The specifications of the observations, data analysis methods, and results are 105 

described in sections 2, 3, and 4, respectively. Section 5 presents the derived Zh-R curves 106 

and summarizes the paper. 107 

 108 

2. Observations 109 

 We conducted intensive observations in the field experiment in the Niigata 110 

Prefecture during the winters of 2010/2011, 2011/2012, and 2015/2016. The field 111 
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experiments included (1) X-band radar observations to obtain Zh, (2) high-frequency, high-112 

resolution precipitation-intensity observations, and (3) optical-disdrometer observations of 113 

solid precipitation particles to determine their hydrometeor class, representative size and 114 

fall speed. Observations 2 and 3 were conducted at the Tohkamachi Experimental Station 115 

of Forestry and Forest Products Research Institute (FFPRI), 34.4 km from the Snow and 116 

Ice Research Center (SIRC) of National Research Institute for Earth Science and Disaster 117 

Resilience (NIED) and within the range of the X-band (9.4 GHz) weather radar at SIRC, 118 

which was used for radar observations (Fig. 1). 119 

 The radar hardware was replaced in March 2014, while the scan strategy and 120 

relevant radar specifications remained largely unchanged with a 10-min measurement time 121 

resolution. The beam width was <1.25°. The data resolution was 1.0° (azimuth) and 100 122 

m/150 m (range). The pulse repetition frequency (PRF) was 1800 Hz (the low frequency of 123 

the dual PRF was 1350 Hz)/1500 Hz, the number of samples in a ray was 64, and the 124 

antenna scan speed was 3.3/3 rpm. The detailed radar specifications are described in 125 

Nakai and Yamashita (2018), Yamashita et al. (2019), and Iwanami et al. (1996). The 126 

numbers before and after “/” indicate the specification before and after the hardware 127 

replacement. 128 

 A snowfall-particle-observation site (hereinafter referred to as the “snowfall site”) 129 

was set up in the observation field of the Tohkamachi Experimental Station. It is equipped 130 

with a PARSIVEL (also referred to as “PARSIVEL 1”) optical disdrometer (Löffler-Mang 131 
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and Joss 2000; Löffler-Mang and Blahak 2001; Battaglia et al. 2010), an SR-2A high-132 

resolution precipitation gauge (with specifications identical to those of the “precipitation 133 

detector” described in Tamura (1993)), and other supporting facilities housed inside a 134 

tower with a windshield net (Fig. 2a). PARSIVEL is a single-beam optical disdrometer, and 135 

fall-speed calculations are performed under certain assumptions (Battaglia et al. 2010) 136 

built into the embedded firmware. In this study, the fall-speed output obtained from 137 

PARSIVEL was used without modifications. The 'size' of the PARSIVEL output 138 

corresponds to the diameter of an equivalent sphere. This output was subsequently 139 

converted to the maximum width using the axial ratio described in Eq. (1) reported by 140 

Battaglia et al. (2010). SR-2A has a precipitation-intensity resolution two orders higher 141 

than that of typical tipping-bucket precipitation gauges, making it suitable for comparison 142 

with PARSIVEL and radar data. The measurement time resolution of SR-2A and 143 

PARSIVEL equals 1 min. Table 1 summarizes the specifications of the facilities. 144 

Monitoring images (Fig. 2b) were automatically recorded by a web camera in 10-min 145 

intervals and used for checking the snow accretion on the facilities. The height of the tower 146 

top and facilities was determined while considering the expected maximum snow depth 147 

(Fig. 2c). The whole site was powered by a single 100 V/15 A power supply and had 148 

battery backup. 149 

 150 

3. Data analysis 151 
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3.1 Classification of solid precipitation particles by the center-of-mass flux distribution 152 

method 153 

 A two-dimensional (2D) fall speed versus particle diameter histogram of falling snow 154 

particles can be obtained in 1-min intervals using PARSIVEL (Löffler-Mang and Joss 2000; 155 

Yuter et al. 2006); examples are shown in Fig. 3. The two 2D histograms in the figure have 156 

a clear difference in shape. The size and fall speed of the observed particles are 157 

distributed along the experimental line for conical graupel reported by Locatelli and Hobbs 158 

(1974), as shown by “G” in Fig. 3a. This indicates that almost all the particles observed in 159 

1 min at the indicated time were graupel. Similarly, in Fig. 3b, almost all the particles 160 

observed in 1 min at the indicated time were snow aggregates. 161 

 Ishizaka et al. (2013) developed a new analysis method, the center-of-mass flux 162 

distribution (CMF) method, to derive the representative size (Dc) and fall speed (Vc) of 163 

precipitation particles from a 2D histogram (Nakai et al. 2019; see also Supplement 1). 164 

The CMF method first converts the number density of precipitation particles in the size-fall-165 

speed space to vertical mass flux density (F) using experimental functions of the mass and 166 

fall speed of various hydrometeor classes. Subsequently, Dc and Vc, both weighted by F, 167 

are calculated. The CMF method has been used to estimate the characteristics of falling 168 

snow particles (Kouketsu et al. 2015; Minda et al. 2016; Masuda et al. 2018). 169 

 Ishizaka et al. (2016) proposed a hydrometeor classification diagram. The 170 

hydrometeor classes are determined by the location of CMF (Dc, Vc) on a diagram like Fig. 171 
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4. In the present study, the classification was modified by introducing the riming and 172 

melting index (RMI) 173 

 174 

 RMI = Vc/Dc
0.5 (3) . 175 

 176 

Accordingly, the hydrometeor classification can be performed using a single parameter 177 

(RMI) instead of two (Dc and Vc). An exception to this is the use of Dc in the definition of 178 

“small particles.” The threshold of “rain” and “graupel” (graupel and aggregate) is RMI = 179 

2.5 (1.0). “Small particles” are defined by RMI < 1.0 (RMI values correspond to snow 180 

aggregate) and Dc < 3.0 mm. The remaining values correspond to snow aggregates, which 181 

are divided into “heavily rimed snow aggregate” and normal “snow aggregate” by RMI = 182 

0.7. These values were determined based on experimentally fitted relations (R, G, D, and 183 

U in Figs. 3 and 4) and the observed size and fall-speed distributions. 184 

 185 

3.2 Use of fixed β 186 

 The Zh-R relationship depends on the hydrometeor class. Rasmussen et al. (2003) 187 

demonstrated that the Zh-R relationships of snow aggregates could be expressed as 188 

 189 

 Zh = B R1.67,  (4) 190 
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 191 

where B denotes an experimentally determined coefficient. Additionally, based on a 192 

literature review and theoretical considerations, they demonstrated that the value of B is 193 

affected by the size-distribution intercept, falling speed, and whether the snow is dry or wet 194 

(both mixed-phase and rimed particles). Further, they revealed that B varies by up to four 195 

times for a given Zh. According to the Zh-R relationship for graupel derived by Ohtake and 196 

Henmi (1970) (Eq. (1)), the value of the exponent β differs from that reported by 197 

Rasmussen et al. (2003). However, the value of Zh in Eq. (1) is located at the center of the 198 

variation range prescribed in the relationships reported by Rasmussen et al. (2003) (Fig. 6). 199 

 A slight change in β causes a large change in B, even when the actual shape of the 200 

function changes only slightly. A pair of appropriate B and β = 1.67 can be used, instead of 201 

the literatures’ B-β pair, because most of these pairs of the existing experimental Zh-R 202 

relationships were derived by fitting scattered data. Using Zh-R relations with various β 203 

values makes it difficult to understand the Zh-R relationship systematically in relation to the 204 

microphysical characteristics of the precipitation particles. From a theoretical perspective, 205 

this exponent value of 1.67 is, presumably, the only one commonly applicable to Zh-R 206 

relationships of multiple hydrometeor classes. Hence, we fix β = 1.67 and use Eq. (4) 207 

expressed also as 208 

 209 
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 A = 10 log10(B) = dB(Zh) - 16.7 log10(R). (5) 210 

 211 

3.3 Data processing 212 

 The analysis time resolution equaled 10 min, considering the radar observation 213 

cycle. Plan position indicator (PPI) data of 1.3°/1.7° elevation were used. These are the 214 

lowest elevation angles available without beam blocking. Zh was averaged in an area of 215 

approximately 100 km2 toward the prevailing wind direction of the ground site bounded by 216 

the radial lines and range circles of the radar (Fig. 1). No other manual masking was 217 

necessary for this area to eliminate ground clutter and beam-blocked areas. The average 218 

Zh for a certain time was derived using all the PPI data of the indicated elevation in the 219 

above-mentioned area within the preceding 10 min. First, the measured Zh value in dB is 220 

converted to Zh
1/1.67 (considered approximately linear with respect to R, assuming β = 221 

1.67); subsequently, the areal average of Zh
1/1.67 was calculated and converted to the areal 222 

average of Zh. Areas wherein no precipitation occurred were represented with Zh
1/1.67 = 0. 223 

 The observation interval for the snowfall site equaled 1 min. The CMF and RMI 224 

values were calculated using the data collected within the preceding 10 min through the 225 

method described in Section 3.1; subsequently, the hydrometeor class was determined 226 

using the criteria described in Fig. 4. The precipitation intensity (in mm h-1) was calculated 227 

by accumulating the precipitation amount measured in the preceding 10 min at 1-min 228 

intervals (10 measurements) using SR-2A and multiplying by six. The data were filtered by 229 
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considering a mean threshold temperature of less than 0.0 °C over a 10-min duration at 230 

the Tohkamachi Experimental Station. Periods of snow capping on the observation 231 

facilities were eliminated using web-camera images. 232 

 Both radar and snowfall-site data at a certain time were derived from observation in 233 

the preceding 10 min without a time offset. Considering an antenna elevation angle of 1.3° 234 

(1.7°), a radar-antenna height of 114 m above sea level, and the snowfall-site altitude of 235 

200 m above sea level, the beam-site height difference equaled approximately 700 m 236 

during winters 2010/2011 and 2011/2012 and 930 m during winter 2015/2016. Assuming 237 

that the fall speed of snow aggregates (graupel) is 1 (4) m s-1, a particle observed at the 238 

center of the radar analysis area (Fig. 1) reaches the ground approximately 11.7-15.5 (2.9-239 

3.9) min later. The analysis time interval is 10 min. Following this assumption, a time offset 240 

of 10 min (0 min) between the radar and snowfall-site data for a 10-min analysis time 241 

resolution is desirable for snow aggregates (graupel). However, in this analysis, the time 242 

offset was set to 0 min for simplicity, which may cause errors, especially in the case of 243 

snow aggregates. Furthermore, the precise evaluation of time offset might require the 244 

three-dimensional wind and fall-speed distribution, which needs significant additional 245 

analysis and may not be possible using the data obtained in this study. We believe that 246 

this deficiency was covered by carefully checking the stability of the diameter and fall-247 

speed distributions of the precipitation particles, as presented in Section 4. Moreover, the 248 
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change of Zh between the radar observation height and ground observation site was 249 

assumed negligible. 250 

 The radar-analysis area was located 2-12 km upwind of the snowfall site when the 251 

wind direction is west-northwest. Assuming a wind speed of 20 m s-1, precipitation 252 

particles travel 12 km in 10 min. Thus, it is adequate to compare ground observations 253 

within the preceding 10 min with the average Zh in this radar analysis area. The Japan 254 

Meteorological Agency (JMA) operational composite radar precipitation intensity was 255 

additionally used to check the movement direction of the precipitating cloud systems 256 

manually. The cases selected in Section 4 were filtered by the condition that the cloud 257 

system reached the snowfall site from the direction between west and northwest (see also 258 

Supplement 2). An exception was the unrimed-C case described in Section 4.2. The 259 

precipitating cloud system in this case arrived from the direction between west-southwest 260 

and west-northwest. The radar-analysis area was located slightly northward of the upwind 261 

direction from the snowfall site. However, the precipitation in this case was highly uniform, 262 

and the precipitation in the radar-analysis area was considered equivalent to that at the 263 

snowfall site. 264 

 Thus, a dataset comprising Zh (in dBZ), R (in mm h-1), temperature (in °C), CMF (Dc 265 

in mm and Vc in m s-1), RMI, and hydrometeor classes in 10-minute intervals was prepared. 266 

Data obtained during winter 2010/2011 (from 1500 JST on December 7, 2010 to 1200 JST 267 

on March 28, 2011) and winter 2011/2012 (from 0000 JST on December 1, 2011 to 0940 268 
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JST on April 23, 2012) were used for the four types of solid precipitation particles indicated 269 

in Fig. 4. Additional analysis was conducted for two cases of unrimed particles in January 270 

and February 2015/2016. 271 

 272 

4. Results 273 

4.1 Analysis for winter 2010/2011 and 2011/2012 274 

 Case selection was performed to derive Zh-R relationships for four hydrometeor 275 

classes of solid precipitation particles. The dataset described in Section 3 contains CMF 276 

and RMI in 10-min intervals. A case of a specific hydrometeor class was selected through 277 

the following steps. First, candidate cases satisfying the following conditions were selected 278 

as periods from the dataset in 10-min intervals: 1) a single hydrometeor class (e.g. 279 

graupel) continued to appear, and 2) the temperature during the period was below 0°C. 280 

Next, size versus fall-speed scattergrams (Fig. 3) were plotted for the candidate case 281 

periods with the original observation time interval of 1 min. If similar distribution patterns 282 

continued stably through the period, then the candidate was confirmed as a “case.” If 283 

significant changes in distribution characteristics were found, then the candidate was 284 

rejected. In total, 46 cases of four hydrometeor classes, namely, snow aggregates, heavily 285 

rimed snow aggregates, graupel, and small particles, were selected. The case-average 286 

CMFs of the 46 cases are shown in Fig. 4. The number of samples of each case ranged 287 

from 3 (30 min) to 35 (350 min). 288 
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 Snow aggregates observed in Nagaoka (located in the central part of the Niigata 289 

Prefecture) are usually rimed. The RMIs of most snow-aggregate cases in Fig. 4 were 290 

larger than the RMI of “aggregates of densely rimed radiating assemblages of dendrites or 291 

dendrites” (“D” in Figs. 3 and 4; Locatelli and Hobbs 1974) of the same Dc. This implies 292 

that the selected “snow aggregate” cases are actually dominated by rimed snow 293 

aggregates; we label these cases as the “rimed snow aggregate” class. 294 

 The B values for four hydrometeor classes were derived using the data of the 46 295 

selected cases. Firstly, A in Eq. (5) was calculated using R and Zh in 10-min intervals. 296 

Subsequently, the arithmetic mean of A during the case period was calculated (case-mean 297 

A). The statistics of the case-mean A for each hydrometeor class were calculated (Fig. 5). 298 

The average B of a hydrometeor class was derived using Eq. (5), and the arithmetic mean 299 

of all the case-mean A values (Am) were classified in the corresponding class. The 300 

average B value for graupel equaled 227.4, which was approximately twice of that 301 

corresponding to rimed snow aggregates (107.4). This indicates that the backscattering of 302 

the X-band electromagnetic waves of graupel was stronger than that of rimed snow 303 

aggregates of the same R. The average B of heavily rimed snow aggregates was 69.1, 304 

and its backscattering intensity was weaker than that of rimed snow aggregates of the 305 

same R; in other words, the heavily rimed snow aggregates showed stronger precipitation 306 

than rimed snow aggregates and graupel, even if Zh was the same. 307 
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 The case-mean A distributions of heavily rimed snow aggregates and graupel are 308 

different. Graupel and small particles showed similar Am values. Despite the overlap in 309 

their case-mean A distributions, the average B values for rimed snow aggregates and 310 

graupel differed. The case-mean A distribution of heavily rimed snow aggregates was 311 

positively skewed with its median value less than Am. Other distributions were symmetric 312 

with median values close to Am. Statistics of the cases analyzed in Sections 4.1 and 4.2 313 

are shown in Supplement 3. 314 

 315 

4.2 Analysis of unrimed cases in winter 2015/2016 316 

 Unrimed-snow-aggregate cases were not detected in the analysis in Section 4.1. 317 

Therefore, additional analysis was performed using the data from winter 2015/2016. The 318 

dataset was constructed using the method described in Section 3. 319 

 Case selection for unrimed snow aggregates was performed differently from the 320 

analysis in Section 4.1. First, a time series of CMF in 10-min intervals was drawn, following 321 

which periods satisfying the following conditions were manually selected: (1) the CMF fall 322 

speed Vc continued to be near 1.0 m s-1, (2) R was observed continuously in 10-min 323 

intervals by SR-2A, and (3) the variations in Zh and R were similar. Such precipitation had 324 

a small R, and often, the average Zh could not be derived. In this study, only one good 325 

case that satisfied the above conditions for as long as 4 h (24 samples) was obtained. The 326 
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period was from 1339 JST to 1729 JST on February 15, 2016. The JMA operational radar 327 

observations mainly indicated snowfall in a weakened winter monsoon condition over land 328 

in this case. The values of A in 10-min intervals varied significantly. To derive B for this 329 

case, averages of R and Zh
1/1.67 were calculated for the whole period, and B = 343.4 was 330 

derived for the relationship between these two values. The mean Vc (Dc) of this case was 331 

1.03 m s-1 (6.46 mm). The CMF expressed by the mean Dc and Vc (a large thin asterisk) 332 

was located slightly below the line of “aggregates of unrimed radiating assemblages of 333 

dendrites or dendrites” of Locatelli and Hobbs (1974) (U) (Fig. 4). Thus, the prevailing solid 334 

precipitation particles of this case were deduced to be unrimed aggregates composed of 335 

dendritic particles (referred to as the unrimed-D class). 336 

 We also investigated the precipitation associated with a south-coast cyclone (SCC, 337 

Araki, 2016ab). SCC recently attracted attention as a phenomenon that causes snowfall 338 

composed of unrimed crystals forming weak layers of snowpack, causing avalanches 339 

(Araki and Nakai, 2019abc). Yamaguchi et al. (2019) conducted detailed observations of 340 

the specific surface area (SSA), a parameter that expresses the particle shape and 341 

surface condition, for various types of snowfall at SIRC. They measured the time variation 342 

of SSA of snowfall caused by an SCC from January 29 to 30, 2016. They confirmed that 343 

the snowfall was characterized by a very small SSA with precipitation particles composed 344 

of unrimed crystals that include cold-type habits, such as bullets and their aggregates, 345 

which did not change throughout this period (see Fig. 5d in Yamaguchi et al. (2019)). The 346 
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snowfall was mostly continuous for 12 h at SIRC. Furthermore, the JMA operational radar 347 

precipitation intensity showed that the precipitation was widely and uniformly spread in the 348 

northern edge of the SCC. Colle et al. (2014) reported that cold-type habits (side planes 349 

and bullets) commonly occur “within the outer comma head to the north and northeast of 350 

the cyclone center.” 351 

 The precipitation particles in the SCC case were small. The case-average Dc value 352 

equaled 3.18 mm. In contrast, the case-average Vc was as large as 1.91 m s-1. In Fig. 4, 353 

the CMF was located near the triple point of the hydrometeor classes of graupel, small 354 

particle, and heavily rimed snow aggregates, although the particles were dry and unrimed. 355 

This indicates that classification using Fig. 4 cannot be applied to this case. Some classes 356 

of unrimed solid precipitation particles in Locatelli and Hobbs (1974) were not used to 357 

construct the CMF method of Ishizaka et al. (2013). One of them is “aggregates of unrimed 358 

radiating assemblages of planes, side planes, bullets, and columns.” Precipitation particles 359 

of this class show large fall speeds relative to their size, despite being unrimed. The fall 360 

speed is greater than that of heavily rimed snow aggregates at about more than 3 mm 361 

(short-dashed gray bold line in Fig. 4; Fig. 24 in Locatelli and Hobbs (1974)). Moreover, a 362 

fall speed close to 1 m s-1 was measured for unrimed side planes with the diameter 363 

measuring 1 mm (solid gray bold line in Fig. 4; Fig. 16 in Locatelli and Hobbs (1974)), 364 

although another type of unrimed particles did not show such an increase in fall speed 365 



20 

 

(long-dashed gray bold line in Fig. 4; Locatelli and Hobbs 1974). It is noteworthy that side 366 

planes and bullets are cold-type habits. 367 

 In this study, surface observations were performed at the snowfall site, rather than 368 

SIRC. However, the precipitation distribution demonstrated a high spatial uniformity in the 369 

present case. Therefore, the precipitation particles at SIRC and the snowfall site were 370 

considered similar. In accordance with the characteristics of the two former categories of 371 

unrimed particles reported by Locatelli and Hobbs (1974) which were discussed above, the 372 

microphysical characteristics investigated at SIRC by Yamaguchi et al. (2019), and the 373 

CMF determined in this study at the snowfall site with small Dc and relatively large Vc, the 374 

precipitation particles observed at the snowfall site were considered unrimed crystals of 375 

cold-type habits and their aggregates (hereinafter referred to as the unrimed-C class). 376 

 According to the analyses so far, the B of an unrimed class was expected to be 377 

large; however, the B value for this SCC case was very small (44.0) and consistent with 378 

the CMF for this case with small Dc and large Vc. A class with a smaller Dc (larger Vc) 379 

leads to a smaller Zh (larger R), albeit the hydrometeor mass per unit volume remains 380 

unchanged. Both the small Dc and large Vc make the B value for this case small; that is, 381 

the precipitation intensity appears weak in radar observations. The average R value for 382 

this case derived from SR-2A observations equaled 1.4 mm h-1. Although the magnitude of 383 

R is comparable to the precipitation intensity typically observed for L-mode sea-effect 384 
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snowfall dominated by graupel in the Niigata Prefecture (Nakai et al., 2005), the radar-385 

detected snowfall in this case has less than half the intensity of the L-mode snowfall. 386 

 387 

5. Discussion and summary 388 

 The coefficients B of the Zh-R relationships of six hydrometeor classes of solid 389 

precipitation were derived from simultaneous observations of an X-band weather radar 390 

and a ground observation site equipped with an optical disdrometer, a high-resolution 391 

precipitation gauge, and a windshield net. A fixed value, 1.67, was used for the exponent 392 

of the relationship, β. The Zh-R relationships derived in this study were compared with 393 

those in the literature (Fig. 6). The range of relationships reported by Rasmussen et al. 394 

(2003) for snow aggregates is indicated (shaded) in Fig. 6, with the upper (lower) edge 395 

indicating the relationship of heavily rimed (unrimed) aggregates for dry snow. The value 396 

of B increases from the upper to lower edges. The relationship for graupel reported by 397 

Ohtake and Henmi (1970) lies at the center of the range indicated in Fig. 6. The 398 

relationships derived in this study, except for the unrimed-C class, are spread across the 399 

range of relationship from the upper to lower edge in the order of the heavily rimed snow 400 

aggregate, rimed snow aggregate, and unrimed-D classes. This order, confirmed by direct 401 

comparison of radar and ground observations, is consistent with that reported by 402 

Rasmussen et al. (2003). The curves for graupel and small-particle classes are near the 403 

center of the range of relationship, similar to the graupel relationship reported by Ohtake 404 
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and Henmi (1970). The CMFs of the small-particle cases were concentrated around the 405 

upper corner of the “small particle” area in Fig. 4, suggesting that the small particles were 406 

graupel-like rimed ice crystals and small aggregates. 407 

 Here, we consider the relation between the “degree of riming” and B. Fig. 6 408 

indicates that a snow-aggregate class with a larger degree of riming (from the smallest 409 

unrimed-D class through rimed snow aggregates to large heavily rimed snow aggregates) 410 

has a smaller B and stronger precipitation for a certain Zh. These classes are observed 411 

during snowfall from cloud systems that develop over the Sea of Japan by the sea effect 412 

(Steenburgh and Nakai, 2020) during the winter monsoon. These cloud systems typically 413 

propagate from between the west and northwest directions in the Niigata Prefecture, and 414 

the snow aggregates are typically composed of crystals including dendrites. The variation 415 

of B associated with the increasing “degree of riming” indicates that the increase of vertical 416 

mass flux (mass multiplied by fall speed) is larger than the increase of backscattering 417 

intensity as long as the particles belong to the snow aggregate classes, when riming 418 

occurs in snow aggregates composed of dendritic ice crystals. In contrast, the riming 419 

process to generate graupel may be dominated by the increase of backscattering intensity 420 

rather than the increase of vertical mass flux, resulting in the increase of B. This difference 421 

leads to errors in radar precipitation intensity when the hydrometeor class is unknown. 422 

 The small B value of the unrimed-C class cannot be explained using the 423 

consideration above. Rather, the large Vc of the unrimed-C class reflects the 424 
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characteristics of ice-crystal habits with a relatively large fall speed or “aggregates of 425 

unrimed side planes, assemblages of planes, bullets and columns” (Locatelli and Hobbs 426 

1974). The small B indicates weak backscattering, which leads to a significant 427 

underestimation of radar precipitation intensity. Currently, the unrimed-C class can only be 428 

distinguished from, e.g., the characteristics of a mesoscale precipitation system (radar-429 

echo pattern) without precipitation-particle observations. If the small B is attributed to the 430 

size distribution, shape, fall speed, and attitude of the falling precipitation particles, it may 431 

be possible to detect unrimed-C-class particles from the distribution of radar polarimetric 432 

parameters and to clarify the variation of B when unrimed-C-class particles undergo the 433 

riming process. 434 

 A polarimetric Doppler radar was used in this study. In future endeavors, we intend 435 

to examine the polarimetric parameters for each hydrometeor class in relation to the B 436 

values derived in this study. The analysis performed in this study involved certain 437 

simplifications. The measurement errors in PARSIVEL were not considered in this study. 438 

The authors qualitatively compared the size and the fall speed that were measured using 439 

PARSIVEL to that measured using the collocated CCD camera system of Ishizaka et al. 440 

(2013). The size (fall speed) observed by the PARSIVEL was similar to (slightly larger 441 

than) that of the CCD camera system. This error in the fall speed affects the hydrometeor 442 

classification threshold lines (Fig. 4). However, the hydrometeor classification was 443 

confirmed by checking all the size-fall speed scattergrams at one-minute intervals, and the 444 
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contamination of particles of different classes was eliminated. Thus, the PARSIVEL 445 

measurement error in the fall speed does not affect the Zh-R relationships that was derived 446 

in this study. However, the modification of the threshold lines in Fig. 4 might be necessary 447 

for the future. The matching between radar data for a fixed area and ground-observation 448 

data for selecting appropriate cases was performed by checking the direction of radar-449 

echo motion and stability of the particle size versus fall-speed distributions. Only one case 450 

each of the unrimed-C and unrimed-D classes was analyzed. Thus, the B values reported 451 

in this paper might be modified in a future study owing to the consideration of additional 452 

cases and polarimetric parameters. However, it is expected that the qualitative difference 453 

in B values among hydrometeor classes will remain unchanged, because all cases were 454 

carefully checked and analyzed using the same method with the except as described in 455 

Section 4.2. Moreover, the results obtained in this study are consistent with those reported 456 

in existing literature. It is noteworthy that the B values described in Fig. 6 are statistically 457 

determined. The B value changes for each case as depicted in Fig. 5 (see also 458 

Supplement 4). If B is related to microphysical parameters using continuous functions, the 459 

resulting relationship can be described more definitely. However, this might be difficult to 460 

realize considering the significant temporal changes in the nature of hydrometeors as 461 

inferred by Fujiyoshi et al. (1990) (Section 1). 462 

This study has shown a systematic description of Zh-R relationships with the 463 

“degree of riming”. However, the results of this study still need to be validated through 464 
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further analyses of the measurement errors and the application of the Zh-R relationships to 465 

other cases. Furthermore, the changes in the B value when the precipitation particles of 466 

the Unrimed-C class experienced riming is not apparent. The Zh-R relationship for each 467 

class of the precipitation particles is typically required for the practical applications of the 468 

radar QPE. Hence, it is important to clarify the influence of these errors for the application 469 

of Zh-R relationships and GPM ground validation. 470 

 471 
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Captions 594 

 595 

Table 1  Specifications of the snowfall-particle-observation site 596 

 597 

Fig. 1  Observation field. The open circle and cross mark indicate SIRC and Tohkamachi 598 

Experimental Station (TES), respectively. The area Zh averaging is indicated by an annular 599 

fan shape. A digital topographic map of the Geospatial Information Authority of Japan is 600 

used. 601 

 602 

Fig. 2.  Snowfall site: (a) external appearance and facilities attached to the tower equipped 603 

a windshield net, (b) sample web-camera images, (c) site image captured during summer 604 

(left) and winter (right). 605 

 606 

Fig. 3  Sample 2D histograms of fall speed (m s-1) versus size (mm) observed for 1 min at 607 

the snowfall site. The colors indicate the number of observed particles within each fall 608 

speed-size bin. The solid lines indicate experimental relationships reported in literature for 609 

water drops (R; Atlas et al. 1973), conical graupel (G; Locatelli and Hobbs 1974), 610 

aggregates of densely rimed radiating assemblages of dendrites or dendrites (D; Locatelli 611 

and Hobbs 1974), and aggregates of unrimed radiating assemblages of dendrites or 612 
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dendrites (U; Locatelli and Hobbs 1974) extrapolated within the area of each panel. The 613 

data correspond to (a) 0437 JST on January 18, 2011 and (b) 0402 JST on February 18, 614 

2012. 615 

 616 

Fig. 4  Hydrometeor classification based on the riming and melting index (RMI=0.7, 1.0, 617 

and 2.5, as indicated in the figure) and Dc. The CMFs (Dc, Vc) of the 48 cases analyzed in 618 

Section 4 are plotted. Thin, medium, and thick asterisks indicate the unrimed-D, rimed 619 

snow aggregate, and heavily rimed snow aggregate classes, respectively. The solid and 620 

open circles and solid diamond indicate, respectively, small-particle, graupel, and unrimed-621 

C classes. The bold dotted ©, solid (G), dashed (D), and dot-dashed (U) lines correspond 622 

to the lines of the same annotations in Fig. 3, within the ranges reported in existing 623 

literature. The gray bold lines indicate experimental relationships from Locatelli and Hobbs 624 

(1974) for unrimed side planes (solid); aggregates of unrimed radiating assemblages of 625 

planes, side planes, bullets, and columns (short dashed); and aggregates of unrimed side 626 

planes (long dashed). 627 

 628 

Fig. 5  Arithmetic mean (Am), standard deviation (σ), minimum, median, and maximum of 629 

case-mean A (=10 log10 B) in dB for rimed snow aggregate, heavily rimed snow aggregate, 630 

graupel, and small-particle cases, respectively. The B values shown in the panel 631 
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correspond to the Am of each hydrometeor class. The numbers of cases are shown in 632 

parentheses. 633 

 634 

Fig. 6  Zh-R relationships. The shaded area indicates the range of relationships described 635 

in Rasmussen et al. (2003) bounded by the relationships for wet/rimed particles with a 636 

large N0 and dry non-rimed particles with a small N0, where N0 is the intercept of the size 637 

distributions of particles. The thick gray line indicates the relationship for graupel (Ohtake 638 

and Henmi (1970); OH). The other lines indicate the relationships derived in this study for 639 

rimed snow aggregate (long-dashed), heavily rimed snow aggregate (medium-dashed), 640 

graupel (white solid), small-particle (short-dashed), unrimed-D (solid), and unrimed-C (dot-641 

dashed) classes. 642 
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Figures and Tables 644 

 645 

 646 

Fig. 1  Observation field. The open circle and cross mark indicate SIRC and Tohkamachi 647 

Experimental Station (TES), respectively. The area Zh averaging is indicated by an annular 648 

fan shape. A digital topographic map of the Geospatial Information Authority of Japan is 649 

used. 650 
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 652 

 653 

Fig. 2.  Snowfall site: (a) external appearance and facilities attached to the tower equipped 654 

a windshield net, (b) sample web-camera images, (c) site image captured during summer 655 

(left) and winter (right). 656 
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Table 1  Specifications of the snowfall-particle-observation site 659 
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 663 

 664 

Fig. 3  Sample 2D histograms of fall speed (m s-1) versus size (mm) observed for 1 min at 665 

the snowfall site. The colors indicate the number of observed particles within each fall 666 

speed-size bin. The solid lines indicate experimental relationships reported in literature for 667 

water drops (R; Atlas et al. 1973), conical graupel (G; Locatelli and Hobbs 1974), 668 

aggregates of densely rimed radiating assemblages of dendrites or dendrites (D; Locatelli 669 

and Hobbs 1974), and aggregates of unrimed radiating assemblages of dendrites or 670 

dendrites (U; Locatelli and Hobbs 1974) extrapolated within the area of each panel. The 671 

data correspond to (a) 0437 JST on January 18, 2011 and (b) 0402 JST on February 18, 672 

2012. 673 
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 675 

 676 

Fig. 4  Hydrometeor classification based on the riming and melting index (RMI=0.7, 1.0, 677 

and 2.5, as indicated in the figure) and Dc. The CMFs (Dc, Vc) of the 48 cases analyzed in 678 

Section 4 are plotted. Thin, medium, and thick asterisks indicate the unrimed-D, rimed 679 

snow aggregate, and heavily rimed snow aggregate classes, respectively. The solid and 680 

open circles and solid diamond indicate, respectively, small-particle, graupel, and unrimed-681 

C classes. The bold dotted (R), solid (G), dashed (D), and dot-dashed (U) lines correspond 682 

to the lines of the same annotations in Fig. 3, within the ranges reported in existing 683 

literature. The gray bold lines indicate experimental relationships from Locatelli and Hobbs 684 

(1974) for unrimed side planes (solid); aggregates of unrimed radiating assemblages of 685 

planes, side planes, bullets, and columns (short dashed); and aggregates of unrimed side 686 

planes (long dashed). 687 
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 689 

 690 

Fig. 5  Arithmetic mean (Am), standard deviation (σ), minimum, median, and maximum of 691 

case-mean A (=10 log10 B) in dB for rimed snow aggregate, heavily rimed snow aggregate, 692 

graupel, and small-particle cases, respectively. The B values shown in the panel 693 

correspond to the Am of each hydrometeor class. The numbers of cases are shown in 694 

parentheses. 695 

 696 
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 698 

 699 

Fig. 6  Zh-R relationships. The shaded area indicates the range of relationships described 700 

in Rasmussen et al. (2003) bounded by the relationships for wet/rimed particles with a 701 

large N0 and dry non-rimed particles with a small N0, where N0 is the intercept of the size 702 

distributions of particles. The thick gray line indicates the relationship for graupel (Ohtake 703 

and Henmi (1970); OH). The other lines indicate the relationships derived in this study for 704 

rimed snow aggregate (long-dashed), heavily rimed snow aggregate (medium-dashed), 705 

graupel (white solid), small-particle (short-dashed), unrimed-D (solid), and unrimed-C (dot-706 

dashed) classes. 707 
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