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Abstract12

Specific attenuation and equivalent radar reflectivity in a melting layer were13

measured using a dual Ka-band radar system. The system consists of two14

identically designed Ka-radars. When the two radars are arranged to face15

each other and a precipitation system comes between the two radars, they16

observe the system from opposite directions. The radar echoes suffer from17

rain attenuation, which appears symmetrically in both radar echo profiles.18

By differentiating measured radar reflectivity with range, the specific atten-19

uation (k) can be estimated. After obtaining the specific attenuation, the20

equivalent radar reflectivity (Ze) is estimated. Melting layer observations21

were conducted on a slope of Mt. Zao, Japan. In the melting layer, the22

specific attenuation and the equivalent radar reflectivity vary considerably23

along the radio path. The relationship between k and Ze showed interesting24

characteristics which appears in a loop-shape on a k-Ze diagram. A simple25

theoretical study using the Rayleigh and Mie scattering theories for melting26

snow spheres showed that the basic loop-shape is resulted from the change27

in permittivity of precipitation particles during melting. The loop-shape is28

greatly expanded by change of the particle size. The Mie effect which is29

significant for large precipitation particles slightly modifies the loop-shape30

by reducing backscattering cross sections. The results also explain that the31

shelf-like profile instead of the peak-like in Ze.32
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1. Introduction34

Global changes in the environment have attracted international atten-35

tion, and changes in precipitation are of attention. For example, the number36

of severe storms has increased. Changes in precipitation impact ecosystems37

and human society. To predict the changes in precipitation in the future,38

a better understanding of global precipitation characteristics is essential.39

In this context, the Global Precipitation Measurement (GPM) project was40

designed and built (Hou et al. 2014; Nakamura 2021). The GPM is an in-41

ternational venture led by the U.S. National Aeronautics and Space Admin-42

istration (NASA) and the Japan Aerospace Exploration Agency (JAXA).43

The GPM is a multi-satellite system, and the core satellite of GPM was44

launched from the Tanegashima Space Center, JAXA on 29 Feb. 2014.45

The core satellite carries two instruments for precipitation measurements,46

the Dual-wavelength Precipitation Radar (DPR) and the GPM microwave47

radiometer (GMI). The DPR was developed by JAXA and the National48

Institute of Information and Communications Technology (NICT), Japan,49

and the GMI was developed by NASA. The DPR can directly observe three-50

dimensional precipitation systems, and can provide a reference data set to51

other instruments for precipitation measurements, such as microwave ra-52
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diometers.53

The coverage of the GPM system was extended from the TRMM cov-54

erage to high latitude regions, where snow frequently falls. Snow rate or55

equivalent rain rate measurements by radars are more difficult than liquid56

rain rate measurements, because snow particles have more complicated ra-57

diowave scattering characteristics than rain drops do. In very cold regions,58

snow is dry, but in warmer regions, wet snow frequently falls. For example,59

a large part of the snow in Japan is wet snow. Thus, wet snow observations60

are essential for measurements of global precipitation. The wet snow which61

contains partly melted snow particles, has much more complex radiowave62

scattering than dry snow.63

When a radar operated in the S, C, or X-band observes stratiform pre-64

cipitation systems, a strong echo layer, which is called a bright band, often65

appears. The lower frequency radar of the DPR is in the Ku-band and it66

also observes the bright band. The bright band corresponds to a melting67

layer containing wet snow. As precipitating particles change from solid to68

liquid while falling, the size, shape, and relative permittivity of the parti-69

cles change, and the dropsize distribution also changes because the falling70

velocity changes as dose the coalescence or breakup of the particles. Thus,71

complicated processes are occurring in the melting layer, and such process72

has been the subject of many studies (e.g., (Leary and Houze 1979; Fabry73

3



and Zawadzki 1995)). The radio scattering characteristics were also widely74

studied (e.g., (Kollias and Albrecht 2005; Li and Moisseev 2019; Johnson75

et al. 2016; Leinonen and von Leber 2018)).76

The DPR is a 13.6/35.5 GHz radar, while the 35 GHz (Ka-band) space-77

borne precipitation radar is more advanced. The dual-wavelength rain re-78

trievals are being developed even now (e.g., (Seto et al. 2021; Kobayashi79

et al. 2021)). For the full utilization of the 35 GHz radar, radiowave scat-80

tering characteristics of precipitation particles must be well understood. In81

the Ka-band, attenuation of the radiowaves is strong, and conventional Ka-82

band radars measure only combination of scattering and attenuation. It is83

important to separate the effects of scattering and attenuation for precise84

measurement using Ka-radars. In order to measure scattering and attenua-85

tion characteristics of precipitation particles, a dual Ka-band radar system86

(DKR) was developed by JAXA (Nakamura et al. 2011). This system con-87

sists of two identically designed Ka-band radars. When the two radars are88

arranged to face each other and a precipitation system comes between the89

two radars, the precipitation system is observed from opposite directions.90

From the two radar signatures, specific attenuation (k) and equivalent radar91

reflectivity (Ze) can be estimated. This idea was applied to an observation92

with an airborne and ground-based 94 GHz cloud radars (Li et al. 2001).93

The DKR has also been used for snow observations and showed the scatter-94
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ing characteristics of snow particles (Nishikawa et al. 2015). As an extension95

of the snow observations, the DKR was used for melting layer observations.96

In this paper, some results of the melting layer observations are presented97

in terms of the k-Ze relationship derived from DKR. An interpretation of98

the scattering characteristics is included.99

2. Observation100

Melting layer observations with radars are usually performed in a verti-101

cally pointing or volume scanning mode. In the present cases, two radars102

observe a melting layer which comes between the radars as shown in Fig. 1.103

For this observation, mountain slopes were chosen as the observation sites.104 Fig. 1

In the planning phase of the melting layer observation experiment, can-105

didate locations in Japan were surveyed. There were several criteria for106

selection: the location must have: (1) sufficient height difference, (2) fre-107

quent snowfall, (3) sufficient separation of the radio path from the ground,108

(4) easy accessibility, (5) the electric power availability, (6) easy transporta-109

tion, (7) legal acceptability, and (8) accommodations. A total of 76 candi-110

date sites were surveyed from Kyushu Island to Hokkaido Island in Japan.111

The numbers of days of melting layer appearances in a year were estimated112

using the temperature data at ground stations of the Japan Meteorological113

Agency (JMA) near the candidate locations. A slope of the Zao Mountain114
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(approximately 38.1◦N, 140.4◦E) in Yamagata Prefecture, Japan, where a115

ski resort is located, was selected as the most suitable location. The loca-116

tion was the 9th ranked in the topography and the 13th ranked in the days117

of melting layer appearances. Melting layers appeared 42 days a year, that118

is, 2, 10, 8, 3, 3, 8, 8 days from October to April, respectively. The days119

in January and February are small, because the temperature is too low for120

the melting layer to appear between the two radars.121

Figure 1 shows the observation configuration, and Fig. 2 shows the122

skyline viewed from the lower site radar (Radar 1). The lower site radar is123

located on a flat area, and that of upper site is located on a slope of Mt.124

Zao. The two radars were separated by 9.6 km, and the height difference125

was about 750 m. The width of the melting layer is a few hundred meters126

(Fabry and Zawadzki 1995), and the height difference of 750 m is sufficient,127

if the melting layer comes between two radars. The elevation angles of the128

radar beams were about± 4.4 degrees, which corresponds to the slant length129

in the melting layer of a few kilometers. The longer length is better for the130

specific attenuation measurements, because the path attenuation is greater131

as the path length is longer. On the other hand, the longer distance makes132

the assumption of horizontally homogeneous precipitation uncertain. The133

length of a few kilometers may have been slightly too long for the melting134

layer observation.135 Fig. 2
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Figure 3 shows a picture of the observation sites. In addition to the136

radar, ground observation instruments were installed. The instruments137

were: optical and impact type disdrometers (Parsivel and Joss-type), a138

two-dimensional video disdrometer (2DVD), a micro rain radar, a vertical139

scanning radar modified from a shipborne small radar, a Yamaguchi Uni-140

versity video disdrometer (Suzuki et al. 2019), Nagoya University’s low-cost141

laser disdrometer (Minda et al. 2014), and conventional meteorological in-142

struments.143 Fig. 3

Major specifications of DKR are given in Table 1. The DKR is a144

frequency-modulated continuous wave (FM-CW) type, and has flexible ob-145

servation parameters, such as the range resolution. After averaging raw146

data over the time and range in order to suppress the radar signal fluctua-147

tion to less than 0.25 dB, the data have temporal and range resolutions of148

1 min and 50 m resolutions (Nakamura et al. 2018). The beam width is149

approximately 0.5 degrees and the first sidelobe levels are less than -20 dB,150

which helps to avoid ground echo interference.151 Table 1

Table 2The observation experiments were conducted in two winter seasons, one152

(IOP-1) is from November 2013 to March 2014, and the other (IOP-2) is153

from November 2014 to March 2015. The two intensive observation periods154

(IOPs) and precipitation days are shown in Table 2. Situations in which155

melting layers came between the two radars were limited to only a few156
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cases. Another reason of the limited number of observations was that the157

observations were disturbed by frequent malfunctionings of the instruments.158

In the experiment, beam matching is crucial, as even a small deviation in159

angles from the matching beam directions causes fluctuations in estimated160

specific attenuation (k). The two radars, however, cannot be precisely di-161

rected to each other because it is needed to avoid the radiowave interfer-162

ence at each other. Even though the transmitting time is staggered in both163

radars, weak leaked transmitted power from one radar easily contaminates164

the weak precipitation signals in the other radar. During the antenna beam165

setup, the interference levels were monitored in a rain-free day, and the166

angle deviation was set as small as possible under the condition that the167

interference levels were less than 0 dBZ over the radio path except near the168

radars.169

In Zao IOP-1, the azimuthal angles were matched and the elevation170

angles deviated from each other as the nominal elevation angles are 5.1171

degrees and -4.3 degrees, respectively. The angles were changed several172

times for maintenance of the system, and the angles were not constant with173

fluctuations of a few tenth degrees. The results of IOP-1 showed that the174

matching of elevation angles was more important than that of azimuthal175

ones. This may be because vertical variation of precipitation is greater176

than that of horizontal in the melting layer observation. Thus, in IOP-2,177
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the elevation angle of the radar beam was matched at 4.44 degrees, and the178

azimuthal angles were deviated by from a few tenth to one degree from the179

matched angle.180

The k estimation is sensitive to the fluctuations of the signals, and pa-181

rameter tuning in the data processing is necessary. The fluctuations were182

caused not only by the radar signal fluctuation but also by the inaccuracy183

of the setup of the experiment, such as uncertainty of the beam angles. In184

the data processing, observation parameters, such as the elevation angles,185

were artificially varied slightly and suitable parameters were decided visu-186

ally with the criteria: (1) negative k does not appear, (2) strong specific187

attenuation (roughly more than 0.2 dBkm−1) does not appear in dry snow188

regions, and (3) reasonably smooth profiles of k are obtained.189

3. Estimation of the specific attenuation190

The method to estimate specific attenuation k and equivalent radar191

reflectivity (Ze) from DKR was reported in (Nishikawa et al. 2015) and192

(Nakamura et al. 2018). Here, the estimation method is briefly described.193

When two radars observe a precipitation system, two measured radar194

signatures in dBZ, Zm1(r) and Zm2(r), show different profiles because of195

the attenuation as illustrated in Fig. 4. Here, the subscripts 1 and 2 mean196

Radars 1 and 2, r is the range from Radar 1, and “measured” means the197
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equivalent radar reflectivity without attenuation correction.198

The specific attenuation k between points at r and r+∆ can be estimated199

as200

k = [Zm1(r)− Zm2(r)− Zm1(r +∆) + Zm2(r +∆)]/4∆. (1)

The estimation includes taking double differences, and the result is sensitive201

to the fluctuations of Zm. So, suppression of the fluctuation is crucial, and202

a sufficient number of independent samples are required.203

After obtaining the specific attenuation, equivalent radar reflectivity can204

be obtained by correcting the attenuation, if the radar is well calibrated.205

For the radar at the lower site, the calibration was performed by compar-206

ing the measured radar reflectivity with those estimated from the data of a207

disdrometer (Parsivel) located near the radar during rain cases. The cali-208

bration of the upper site radar was done by comparing the profile with that209

of the lower site radar. The difference of Zms at the two radar sites can be210

expressed as211

Zm1(0) = Zm2(0) + δ +
∫ D

0
kdr, (2)

Zm1(D) = Zm2(D) + δ −
∫ D

0
kdr, (3)

where δ is the calibration constant of Radar 2, and D is the distance of212

Radar 2 from Radar 1. Adding (2) and (3) gives δ as213

δ =
1

2
{(Zm1(0) + Zm1(D))− (Zm2(0) + Zm2(D)}. (4)
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Actually, as the radar echoes near the radars were contaminated by ground214

clutters, echoes from a few hundred meters away from radars were used.215

The uncertainty of the calibration is less than 1 dB, but it varied due216

to system instability. It is of note that the uncertainty of calibration affects217

Ze but does not affects k.218 Fig. 4

4. Results of Observations219

4.1 Rain case220

Figure 5 shows an example of images of estimated specific attenuation221

and equivalent radar reflectivity for rain for 00:00 - 08:00 JST on 4 March222

2015. Snow-free rain started around 03:00 JST and continued with a few223

interruptions. The lower two images are measured radar reflectivity by the224

two radars of the DKR. The upper image is by Radar 2 and the lower is by225

Radar 1. The range of the upper image is reversed to make the comparison226

easy. After averaging, while the range and temporal resolutions are 50 m227

and one minute in the measured radar reflectivity, the range resolutions of228

equivalent radar reflectivity and specific attenuation are 1 km. This range229

resolution for the specific attenuation is determined after trials with several230

distances, ∆, in Eq. (1). When the distance is short, the fluctuation of k231

is large. On the other hand, when the distance is long, spatial resolution232
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degrades. The distance of 1 km corresponds to approximately 80 m in233

height, and this height resolution might be slightly long for a melting layer234

with a width of a few hundred meters. Strong echo lines at approximately235

8 km from radars are ground clutter which is easily understood from Fig.236

1. So, echoes farther than the ground clutter are mainly due to the receiver237

noise. Weak echoes, however, appear further than the ground clutters. This238

may be due to double reflection of the radiowave by the ground surface.239 Fig. 5

Fig. 6The measured radar reflectivity is generally weaker at longer range,240

which is due to rain attenuation. The echo varies significantly with a tem-241

poral scale of a few tens of minutes. The pattern of the estimated equiv-242

alent radar reflectivity is similar to the measured radar reflectivity with a243

small difference due to attenuation correction. The specific attenuation is244

shown in the upper panel. Only the data in the range free from contamina-245

tion of ground clutter are shown. White areas represent the regions where246

measured radar echoes are too weak (generally less than 0.1 dB km−1) to247

estimate the specific attenuation. The weakness is because of weak precipi-248

tation or excessive attenuation. The region of high specific attenuation that249

corresponds to a strong rain echo region clearly appears. In this case the250

estimated equivalent radar reflectivity and specific attenuation vary little in251

the range. Figure 6 shows an example of the profiles at 06:32 JST. In these252

profiles, the range resolution is 500 m. The equivalent radar reflectivity is253
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added with a radar bias of 2 dB according to the calibration result. Two254

measured radar reflectivities show clear opposing gradients, and the esti-255

mated equivalent radar reflectivity is nearly constant of approximately 31256

dBZ. Generally, the profiles in rain cases have less variation in range than257

in snow cases. Estimated specific attenuation is approximately 1 dB km−1
258

for rain of approximately 31 dBZ. This is reasonable with results or calcu-259

lations from published k − R relationship (Olsen et al. 1978) and Z − R260

relationships (Marshall and Palmer 1948) for rain.261

4.2 Melting layer Case 1262

In 13 - 15 November 2014, clear melting layers came between the two263

radars of the DKR. Figure 7 is the same as Fig. 5, but for a melting layer264

case observed from 16:00 to 24:00 JST on 13 Nov. 2014. The echo shows a265

shelf-shape, that is, nearly constant up to approximately 6 km in range and266

then decreases to become again nearly constant. This shape is in contrast to267

the peak-shape which is common in S-, C-, and X-band radar signatures. A268

melting layer is supposed to exist around the top of the shelf. The height of269

the melting layer temporally varies slightly. The echoes further than 8 km270

are contaminated by the ground clutter. The profile of the equivalent radar271

reflectivity is generally similar with that of the measured radar reflectivity.272

The specific attenuation is strong for strong echo regions but it has peaks273
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around the melting layer in contrast to the rain case shown in Fig. 5.274

Figure 8 shows the profiles at 16:38 JST as an example. The profiles of275

the two measured radar reflectivities cross at approximately 4.5 km from276

Radar 1 due to attenuation. Estimated equivalent radar reflectivity slightly277

increases from the mountain bottom up to 4 km range, then decreases. The278

specific attenuation has a peak at the melting layer. Similar melting layers279

intermittently appeared on 14 and 15 November with similar characteristics280

as the specific attenuation has maximum in the melting layer.281 Fig. 7

Fig. 8

4.3 Melting layer Case 2282

On 1 March 2015, a strong melting layer appeared. Figure 9 is the same283

as Fig. 7 but for 1 March showing the measured radar reflectivity, estimated284

equivalent radar reflectivity, and specific attenuation. In this day, the wind285

changed widely, and the height of the melting layer significantly changed.286

For example, a melting layer suddenly appeared at 21:15 JST at around 4287

km from the lower site radar and disappeared at about 21:40 JST as shown288

in the second top panel. Then, the melting layer again appeared at about289

22:30 JST. A sudden change in the melting layer was also observed by the290

micro rain radar, and Doppler data of the DKR showed rapid variation in291

radial velocity (not shown). A strange wavy pattern appeared from 21:40292

to 22:00. The meteorological mechanism is not clear, but it may be due to293
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local variations of slope winds peculiar in the mountain region. If the data294

from 21:40 to 22:30 are ignored, the melting layer seems continuous with295

lowering height. Figure 10 shows an example of the profiles at 21:28 JST. A296

clear melting layer is shown in the equivalent radar reflectivity, and a clear297

peak of the specific attenuation appears.298 Fig. 9

Fig. 10

4.4 k-Ze relationship in the melting layer299

Figure 10 shows that the location of the maximum of k is slightly higher300

than that of Ze. To show this fact more clearly, a k-Ze diagram was pro-301

duced. As the height of the melting layer sometimes significantly varies,302

it is needed to use a reference point or height for obtaining average k-Ze303

relationship. Several reference points in the Ze profile shown in Fig. 11304

were used for trials. The reference point was determined within a window305

which was subjectively specified from the images of the equivalent radar306

reflectivity similar to Fig. 7. The width of the window is a few km in range307

and the top and bottom are within the range without the ground clutter308

contamination. One of the reference points is at the maximum slope of Ze309

along the height above the peak of Ze, others are at the peak of Ze and310

at the maximum slope below the peak of Ze. These choices may work well311

for S-, C-, or X-band radar data, but may not work well for the Ka-band312

radar observations depending on the shape of Z profiles, because the profile313

15



produced with the Ka-band radar has a shelf-like shape, and the peak is not314

always clear. Thus, the maximum slope point above the peak was generally315

used, and all the profiles were shifted accordingly.316

Figure 12 is a result from a short time data for the strong melting layer317

on 1 March. Equivalent radar reflectivity has a shelf-like shape with a weak318

peak at 450 m in height relative to Radar 1 reaching to more than 30 dBZ.319

Specific attenuation shows a clear peak of 2.5 dB km−1 at approximately320

520 m in height. The k-Ze diagram shows a clear loop-shape. Results from321

more profiles for 1 and 2 March are shown in Fig. 13 using the upper322

reference points as various profiles are included. This figure shows that Ze323

and k both increase after melting starts, having a clear peak of k, then k324

decreases quicky to the value of rain. This figure suggests that the loop-325

shape is a general characteristics of the melting layer. The figure includes326

a line of k-Ze relationship at 35 GHz for rain. k in the melting layer is327

significantly greater than that of rain.328 Fig. 11

Fig. 12

Fig. 13

From the profiles of k and Ze, coefficients, α and β, in the power low329

relationship as330

k = αZβ
e , (5)

were determined. As the coefficients significantly varied according to rela-331

tive height in the melting layer, the melting layer was divided into upper332

and lower parts. The upper part was from the Ze peak point (B in Fig. 11)333
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to the upper maximum slope point (A in Fig. 11) and the lower part was334

from the lower maximum slope point (C in Fig. 11) up to the Ze peak point.335

The data of k and Ze in the parts were classified every 3 dBZ in Ze. Then k336

was averaged to obtain a relationship between averaged k and averaged Ze337

(Fig. 14). The averaged k-Ze relationship from Parsivel data in rain cases338

is also shown by a solid line in the figure. k for melting snow is greater339

than that of rain with the same Ze. The scattergram seems different from340

Fig. 13. This is because of large scatter of data and variation of reference341

points. After that the least square fitting to the data which were greater342

than 0 dBZ, the coefficient α and β were obtained. The coefficients α and343

β were 0.0153 and 0.697 for the upper part, and 0.00393 and 0.772 for the344

lower part. It should be noted that the number of cases were limited and345

the coefficients varied significantly.346 Fig. 14

4.5 Ground effect347

The observation sites were located in a mountainous region, and the348

radar beam was separated from the ground by only about 200 m. The snow349

particles were easily blown by winds, and their distribution might be easily350

affected by local wind variations induced by the topography. The two radar351

beams were slightly deviated from each other and the beam width was as352

narrow as 0.5 degrees. Thus, the snow signatures measured by the two353
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radars could easily be different from each other, particularly when the snow354

was weak. Figure 15 shows an example. The specific attenuation shows large355

variations and sometimes negative specific attenuation which is physically356

impossible appears. When the precipitation is strong, such phenomena do357

not appear. As the estimated specific attenuation is sensitive to the profile358

difference, only rather strong precipitation cases were used.359 Fig. 15

The mountainous environment may also cause rapid variation in short360

time. Figure 16 shows the profiles at 07:07 and 07:08 JST on 14 November.361

Only one minute temporal difference causes significant difference particu-362

larly in k profiles and k-Ze diagrams.363 Fig. 16

Another thing to be considered is small liquid particles which contribute364

to specific attenuation. When a melting layer appears, small liquid particles365

may exist above the melting layer as dense fog. Actually, attenuation was366

sometimes detected from reduction of ground clutter, even though precip-367

itation echo was not detected. Figure 17 shows a profile at 19:50 JST, 13368

November. Specific attenuation increased slightly with height, even though369

precipitation echo weakened.370 Fig. 17

5. Simple model interpretation371

The k-Ze relationship in the melting layer shows a loop-shape, that is,372

after melting starts, specific attenuation increases followed by equivalent373
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radar reflectivity. Here, several model results are presented showing that374

the loop-shape characteristic is robust.375

There exist several models for melting snow particles. A typical one is376

a homogeneous sphere with a mixture of air, water, and ice. One of others377

is a sphere with an outer shell and inner core. The scattering cross sections378

can be calculated according to the Mie theory for the sphere model, or an379

extension of the Mie theory for the shell and sphere model (Aden and Kerker380

1951).381

Here, the simple homogenous sphere model is applied. In the homo-382

geneous sphere model, part of the original ice and air mixture melts to383

water, air removes the particle, and the particle shrinks. When the melting384

ratio which is the ratio of water mass to total mass is given, the relative385

permittivity ϵ is assumed as386

ϵ = fwϵw + fiϵi + faϵa, (6)

where fw, fi, and fa are volume ratio of water, ice, and air of the particle,387

respectively. Defining the permittivity of snow, ϵs, as388

ϵs = fsiϵi + fsaϵa, (7)

where fsi and fsa are the volume ratios of ice and air in the original snow,389

Eq. (6) can be rewritten as390

ϵ = fwϵw + fsϵs, (8)
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where fs is the volume ratio of snow in the water-snow mixture. Though391

several sophisticated permittivities of melting snow particles have been pro-392

posed and discussed (e.g., (Meneghini and Liao 1996, 2000; Liao et al.393

2009)) including the well-known Maxwell-Garnett and Gruggeman permit-394

tivities (Markel 2016), the true permittivity is still uncertain, because of the395

complexity of the melting snow particles. Almost all the reported results396

show that the real part of the permittivity monotonically varies from near 1397

to some value, for example, 10 for a 35 GHz radiowave, with melting. The398

imaginary portion decreases from 0 to about -20 with melting. Since our399

purpose is to discuss qualitative characteristics of the k-Ze relationship, Eq.400

(8) may be enough.401

The complex refractive index (square root of permittivity) of ice is as-402

sumed to be fixed to (1.78−j0.0024). The complex refractive index for water403

depends on temperature and wavelength, and is calculated from Ray’s for-404

mula (Ray 1972) as (4.01 − j2.43) at 35.5 GHz and 0◦C. During melting,405

the temperature of the particle is assumed 0◦C. The density of the original406

snow is assumed 0.2 g/cm3. The mass melting ratio roughly corresponds407

to the downward length from the top of the melting layer. Figure 18 shows408

the backscattering cross sections, σb, scattering cross section, σs, absorp-409

tion cross section, σs, and extinction cross section, σe, as functions of the410

mass melting ratios for a melted diameter of 1 mm. Figure 19 is the same411
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but for a melted diameter of 2 mm. All curves have peaks during melting,412

but at different melting ratios. The peak of the extinction cross section,413

which relates to the specific attenuation, is at a smaller melting ratio than414

the backscattering cross section, which relates to the equivalent radar re-415

flectivity. For a smaller particle, the extinction cross section is determined416

by the absorption cross section, but for a larger particle, the portion of the417

scattering cross section in the extinction cross section becomes greater. The418

difference of peak positions for backscattering cross sections and extinction419

cross section is greater for larger particles. Strong precipitation contains a420

great number of large particles resulting in a wide melting layer. This means421

that the height difference between the height of the attenuation peak and422

that of radar reflectivity is greater for stronger precipitation.423

What causes the changes of the scattering cross sections? Shapes of all424

particles are assumed spherical. Changes of the size and the permittivity425

depend on the mixing ratios of water, ice, and air. First, think of a Rayleigh426

scattering case. The Rayleigh scattering can be applied to cases when the427

size of the scatterer is much smaller than the wavelength of the radiowaves.428

The cases include precipitation observations by S, C, or X-band radars, but429

are limited for Ka-band radar cases. The cross sections of Rayleigh scat-430

tering depend only on the wavelength λ, particle size D, and the coefficient431
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K(= (ϵ− 1)/(ϵ+ 2)), and are written as:432

σs =
2π5

3λ4
|K|2D6, (9)

σb =
π5

λ4
|K|2D6, (10)

σa =
π2

λ
Im(−K)D3, (11)

σe = σs + σa. (12)

If the size is constant, the cross sections at a fixed wavelength depends433

only on the relative permittivity through K. Figure 20 shows the relation-434

ship between Im(−K) and |K2| of a melting snow particle, including a 10435

GHz case for comparison. The complex refractive index of rain at 10 GHz436

is assumed to be (7.08− j2.87). The left side of small |K2| corresponds to437

snow, while the right corresponds to rain. As melting starts, Im(−K), in-438

crease rapidly, then, |K2| increases. Im(−K) has more variation for 35 GHz439

than for 10 GHz, because of the difference of permittivity of water which440

depends on the frequency. By substituting ρw = 1 and ϵa = 1 into Eq. (6),441

and by defining ϵ = ϵ′ + jϵ′′, we have442

K =
ϵ′(m)− 1 + jϵ′′(m)

ϵ′(m) + 2 + jϵ′′(m)
, (13)

where m is the mass melting ratio. |K2| and Im(−K) are443

|K2| =
(ϵ′(m)− 1)2 + ϵ′′(m)2

(ϵ′(m) + 2)2 + ϵ′′(m)2
, (14)

Im(−K) =
−3ϵ′′(m)

(ϵ′(m) + 2)2 + ϵ′′(m)2
. (15)

22



Above equations show, as melting goes on (m increases from zero), |K2|444

monotonically approaches 1. As for Im(−K), as melting goes on, noting445

that ϵ′′ is negative, first the dividend dominates, and later the divider dom-446

inates, resulting that Im(−K) first increases and then decreases.447 Fig. 18

Fig. 19

Fig. 20

Figure 21 shows the extinction cross sections of a melting snow particle448

as functions of the backscattering cross section in dB. Three curves corre-449

spond to (a) Rayleigh calculation with permittivity change and a fixed di-450

ameter of 1 mm, (b) Rayleigh calculation with permittivity and size change451

to a melted diameter of 1 mm, and (c) Mie calculation with permittivity452

and size change. Curve (a) shows only the permittivity effect and is the453

same as Fig. 20 except that the abscissa is in dB. Curve (b) shows the per-454

mittivity and size effects. The difference from (a) is due to the particle size455

change from a dry snow particle to a rain drop. The size of the snow particle456

depends on the density. Taking an original snow density of 0.2 g/cm3, the457

size is about 1.7 times greater than the water equivalent particle size. So,458

the absorption cross section and scattering cross section are 5 times and 25459

times greater than the water size particles. Curve (c) in the figure shows the460

result of the Mie calculation. The backscattering cross section of the Mie461

calculation is smaller than that of the Rayleigh calculation. In contrast, the462

extinction cross section of the Mie calculation is slightly greater than that463

of the Rayleigh calculation. The top point corresponds to the peak point of464
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k, and the rightest point corresponds to that of Ze, meaning that the peak465

point of k is above that of Ze.466

Figure 22 shows the same as Fig. 21, but the diameter of the melted467

particle is 2 mm. The difference between the curves (b) and (c) is more468

significant than for the particle with the 1 mm diameter. The difference469

is attributed to the difference in the backscattering cross section. The Mie470

scattering effect suppresses the backscattering cross sections from Rayleigh471

scattering. Another difference to be noticed is that the difference of the472

backscattering cross sections at its maximum and at the rain drop is smaller.473

This fact is also presented in Figs. 18 and 19, suggesting that this is the474

cause of the shelf-like profile instead of the peak-type profile of the bright475

band at the Ka-band due to the Mie effect.476

Figures 21 and 22 show that the basic loop-shape is due to the change477

in permittivities. This characteristic appears similarly even when Maxwell-478

Garnett or Gruggeman permittivities (not shown) are applied.479

When a radiowave frequency is S-, C-, or X-band, σe is much greater480

than σs, and the extinction cross section is determined by the absorption481

cross section. For the higher frequency, such as the Ka-band, the deviation482

from the Rayleigh scattering becomes significant. When the scattering cross483

section becomes comparable to the absorption cross section, a complicated484

k-Ze relationship results in.485
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While the results shown above are only for two drop sizes, they show ba-486

sic mechanism of the loop-shape characteristics in the k-Ze diagram. More487

realistic simulation should take the drop size distribution into consideration.488 Fig. 21

Fig. 22

6. Conclusion489

Specific attenuation and equivalent radar reflectivity in a melting layer490

were measured using a dual Ka-band radar system. The system consists491

of two identically designed Ka-radars. When a precipitation system came492

between the two radar sites, the radars observed the system from oppos-493

ing directions. The precipitation echoes suffered from rain attenuation.494

The reduction due to rain attenuation symmetrically appears in both radar495

echoes. By differentiating the averaged measured radar reflectivity with the496

range, the specific attenuation (k) can be estimated. After obtaining the497

specific attenuation, the equivalent radar reflectivity (Ze) is estimated. In498

the melting layer, specific attenuation and the equivalent radar reflectivity499

varied significantly along the radio path. The relationship showed interest-500

ing characteristics, that is, a loop-shape on the k-Ze diagram. The reasons501

for the loop-shape are: (1) changes in relative permittivity, (2) changes of502

particle sizes, and (3) the Mie effect. Thus, the scattering characteristics503

can be understood with separate causes. However, the particles are assumed504

spherical in the current analysis, and this assumption should be investigated505
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with more sophisticated models (e.g., (Johnson et al. 2016; Leinonen and506

von Leber 2018)).507

The observational results could contribute to improvement of the DPR508

rain retrieval algorithms, particularly for melting snow or wet snow. There509

presently exist several models for the melting layer, and the results here510

may contribute to the model reliability. Uncertainty of the estimation of511

the accuracy of the equivalent radar reflectivity and specific attenuation still512

remain, and the observation locations may limit applicability of the results.513

The observation locations were on mountain slopes. The radio path of514

the radar was separated from the ground by only about 200 m, and while515

the ground clutter did not contaminate the radar signature thanks to the516

narrow beam and well suppressed far sidelobes in the antenna pattern, the517

conditions may have been different from the free atmosphere. For example,518

slope winds may have deformed the structure of the melting layer.519
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Fig. 1. Configuration of the melting layer observations at Zao Mountain
slope.
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Fig. 2. The picture from Radar 1 to Radar 2 (Ka NS002). Upper left slopes
are skiing areas.
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Fig. 3. Picture of the observation site at the foot of the mountain. Near
the Ka-radar, the Parsivel, micro rain radar (MRR), and Yamaguchi
Univ. 2D disdrometer are located.
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Fig. 4. Schematic illustration of the measured radar reflectivity by the
DKR.
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Fig. 5. Radar images in a rain case on 4 March 2015. Top to bottom: the
estimated specific attenuation, estimated equivalent radar reflectivity,
measured radar reflectivity by upper site radar, and lower site radar.
The ordinate is the range from the radars in km, and the abscissa is
the local time in hours. The ranges for the top two panels are from the
lower site radar.
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Fig. 6. An example of profiles in rain at the slope of Zao Mountain at 06:32
JST on 4 March 2015: (a) the measured radar reflectivity of the lower
site radar (Radar 1), and (b) that of the upper site radar (Radar 2);
(c) is the estimated equivalent radar reflectivity. The right panel is the
estimated specific attenuation.
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Fig. 7. The same as Fig. 5, but for a melting layer case on 13 November
2014.
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Fig. 8. The same as Fig. 6, but for a melting layer at the slope of Zao
Mountain at 16:38 JST on 13 Nov. 2014.
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Fig. 9. The same as Fig. 5, but for a strong melting layer case on 1 March
2015.
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Fig. 10. The same as Fig. 6, but for a strong melting layer at the slope of
Zao Mountain at 21:28 JST on 1 March 2015.
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Fig. 11. Reference points of the melting layer.
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Fig. 12. Averaged k-Ze relationship for data on 1 March 2015. Left: The
profiles of Ze and k relative to the reference point. The unit of the
averaged k is shown in upper side of the figure. The height is relative
to Radar 1. Right: k-Ze diagram.
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Fig. 13. k-Ze relationship for data on 1 and 2 March 2015. Dotted line is
calculated k-Ze relationship from Parsivel raindrop size distribution.
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Fig. 14. Scattergram of averaged k and Ze for 1 and 2 March, 2015. Black
squares are for upper part of the melting layer, and open squares are
for lower part of the melting layer. The solid line is for rain cases from
Parsivel data.
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Fig. 15. The same as Fig. 6, but a bad case at 02:00 JST on 14 Nov. 2014.
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Fig. 16. Profiles of equivalent radar reflectivity (a, d), specific attenuation
(b, e), and k-Ze diagram (c, f) at 07:07 (a, b, c) and 07:08 JST (d, e,
f) on 14 November 2014.
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Fig. 17. Profiles of equivalent radar reflectivity (a), specific attenuation (b),
and k-Ze diagram (c) at 19:50 JST, 13 November.
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Fig. 18. Cross sections as functions of mass melting rate for a melting
particle with a melted diameter of 1 mm at 35.5 GHz. σs, σb, σa, and
σe are scattering cross section, backscattering cross section, absorption
cross section, and extinction cross section, respectively.
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Fig. 19. The same as Fig. 18, but with a diameter of 2 mm. The scales are
different from Fig. 18.
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Fig. 20. Relationship between Im(−K) and |K2| of melting snow particle at
10 GHz and 35 GHz. The left (right) side corresponds to snow (rain).
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Fig. 21. The relationship between the extinction cross section, σe, and
backscattering cross section, σb, for a melting snow particle with a
diameter of 1 mm at 35.5 GHz. (a): Rayleigh calculation with a fixed
diameter and permittivity change, (b) Rayleigh calculation with size
change and permittivity change, and (c): Mie calculation. The arrows
indicate the melting from snow to rain.

54



Fig. 22. The same as Fig. 21, but with a diameter of 2 mm. The scales are
different from Fig. 21.
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Table 1. Specifications of the DKR.

System FM-CW
Frequency 35.25 GHz
Antenna Beamwidth: 0.55◦

(Radar 1) Gain: 47.90 dB
Antenna Beamwidth: 0.51◦

(Radar 2) Gain: 47.95◦

Polarization Horizontal
Transmitted
peak power 90 W

Receiver noise figure 3.5 dB
Sensitivity -20 dBZ at 10 km

Range resolution 12.5 m, 50 m, 250 m
Maximum

observable range 15 km, 30 km
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Table 2. Precipitation observation days of IOP 1 (from Nov. 2013 to Mar.
2014) and IOP 2 (from Nov. 2014 to Mar. 2015).

Date Comment
IOP-1
Nov. 24 Weak rain
Nov. 25 Rain
Nov. 26 Melting layer
Nov. 27 Melting layer in a short time

Nov. 28 and 29 Melting layer
Mar. 11 Snow
Mar. 12 Melting layer
IOP-2
Nov. 9 Weak rain

Nov. 13-15 Good melting layer
Nov. 17 and 18 Rain

Nov. 23 Rain in a short time
Dec. 1 Rain

Dec. 2, 3 and 5 Low melting layer
Dec. 11 Melting layer
Dec. 12 Low melting layer
Dec. 27 Weak rain
Mar. 1 Rain and melting layer
Mar. 2 Melting layer in a short time
Mar. 4 Rain

Mar. 5 and 10 Weak rain
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