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Abstract 24 

In this study, the polarimetric variables of clear-air echoes (CAEs), that appeared on 25 

May 21, 2016 in the Tokyo metropolitan area, Japan, were investigated using Ka-band 26 

(8.6-mm-wavelength) polarimetric cloud radar capable of detecting non-precipitating 27 

clouds. The objective was to establish the potential for distinguishing CAEs and 28 

hydrometeor echoes in the initial stage of cloud formation using Ka-band polarimetric 29 

cloud radar. On the studied day, CAEs showed evident diurnal variation. There were no 30 

CAEs before sunrise. The equivalent radar reflectivity (𝑍 ) increased with time after 31 

sunrise and horizontally widespread echoes (max. value > −15 dBZ) occurred within the 32 

radar observation range in the early afternoon. After sunset and into the early part of the 33 

night, 𝑍  decreased rapidly. Range–height indicator observations showed CAEs were 34 

restricted to heights of <1.5 km. The differential reflectivity (𝑍 ) values of the CAEs 35 

were largely positive (1.8 dB) with large standard deviation at 18:00 local time, i.e., 36 

considerably larger than those of cloud/weak precipitation echoes (0.4 dB) observed 37 

simultaneously. In comparison with cloud/precipitation echoes, the copolar correlation 38 

coefficient (𝜌 ) of the CAEs was smaller (<0.9), while the variability of the total 39 

differential phase (Ψ ) in the range direction was larger. The upper limit of 𝑍  and the 40 

distributions of 𝑍  and 𝜌  were inconsistent with the characteristics of Bragg 41 

scattering observed by S-band (10-cm-wavelength) radar in previous studies. However, 42 

the larger 𝑍 , smaller 𝜌 , and larger variability of Ψ  in the range direction, 43 
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associated with the horizontally widespread echoes, were consistent with the 44 

characteristics of insect echoes. The depolarization ratio, defined using 𝑍  and 𝜌 , 45 

could be effective in distinguishing this type of CAE and hydrometeor echoes observed 46 

by Ka-band polarimetric cloud radar. The polarimetric variables obtained by Ka-band 47 

polarimetric cloud radar are useful in distinguishing between CAEs and hydrometeor 48 

echoes. 49 

 50 

Keywords: clear-air echo; insect echo; Ka-band cloud radar; polarimetric radar 51 

 52 

1. Introduction 53 

Meteorological radars are used to observe hydrometeors such as cloud and precipitation 54 

particles. However, radar echoes can appear even in clear weather. Clear-air echoes 55 

(CAEs) can be used as an atmospheric tracer in regions where there are no hydrometeors 56 

(Achtemeier 1991), but, when targeting hydrometeors, CAEs represent a contaminating 57 

signal. Therefore, it is important to distinguish CAEs and hydrometeors in radar echoes. 58 

  Rauber and Nesbitt (2018) listed ground clutter, echoes from biological sources (e.g., 59 

insects, birds, and bats), debris, dust, smoke, chaff, aircraft, and Bragg scattering as 60 

causes of CAEs. Bragg scattering and biological echoes occur frequently and are difficult to 61 

distinguish from hydrometeor echoes using only radar reflectivity. Usually associated with 62 

turbulence, Bragg scattering occurs when marked variations in atmospheric density are 63 
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present on a scale of half the wavelength of the radar (Rauber and Nesbitt 2018), and it 64 

shows substantial radar reflectivity at longer wavelengths (Knight and Miller 1998; Martin 65 

and Shapiro 2007). Knight and Miller (1993) examined the early stage of precipitation 66 

formation in clouds and highlighted that Bragg scattering can affect the equivalent radar 67 

reflectivity (𝑍 ) at magnitudes of <10, 0, and −10 dBZ for S- (10-cm), C- (5-cm), and X-band 68 

(3-cm) radars, respectively. 69 

  Biological echoes have been observed associated with birds (Harper 1958; Russell et al. 70 

1998; Diehl et al. 2003; Minda et al. 2008; Van Den Broeke 2013), bats (Horn and Kunz 71 

2008; Pennisi 2011; Rauber and Nesbitt 2018; Meade et al. 2019), and insects (Glover et al. 72 

1966; Riley 1975; Takeda and Murabayashi 1981; Kusunoki 2002). Birds and bats show 73 

characteristic circular echoes when leaving their roost (Pennisi 2011; Van Den Broeke 74 

2013; Rauber and Nesbitt 2018), whereas a flock of migrating birds typically shows as an 75 

irregular line in a radar echo when in V-shaped flight formation (Minda et al. 2008; Rauber 76 

and Nesbitt 2018). When birds and bats have high velocity relative to the ambient 77 

atmosphere, Doppler velocities show deviations from atmospheric wind velocities (Minda et 78 

al. 2008; Van Den Broeke 2013). Insect echoes generally appear widely within the radar 79 

observation range, except along gust fronts. When small insects fly randomly relative to the 80 

atmosphere, the bulk velocity of the insects relative to the atmosphere is negligible and 81 

Doppler velocities obtained by radars reflect only atmospheric wind velocities (Achtemeier 82 

1991). Thus, insect-derived Doppler velocities could be assimilated in models (Rennie et al. 83 
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2011). 84 

  The characteristics of CAEs have been observed using polarimetric radars. In 85 

observations of Bragg scattering by S-band radars, turbulent eddies are randomly oriented, 86 

indicating differential reflectivity (𝑍 ) of 0 dB (Melnikov et al. 2011; Richardson et al. 2017; 87 

Melnikov and Zrnić 2017; Hubbert et al. 2018), and the copolar correlation coefficient (𝜌 ) 88 

is close to unity (Melnikov et al. 2011; Melnikov and Zrnić 2017). With regard to biological 89 

echoes from birds (Zrnic and Ryzhkov 1998; Minda et al. 2008; Van Den Broeke 2013) and 90 

insects (Zrnic and Ryzhkov 1998; Browning et al. 2011; Melnikov and Zrnić 2017; Hubbert 91 

et al. 2018), the return signal is highly horizontally polarized (𝑍  = ~5 dB, sometimes >10 92 

dB), and the value of 𝜌  is typically small (<~0.9) (Zrnic and Ryzhkov 1998; Minda et al. 93 

2008; Van Den Broeke 2013; Hubbert et al. 2018). The total differential phase (Ψ ) 94 

contains the system differential phase (Ψ ), differential backscatter phase (δ), and 95 

differential propagation phase (Φ ) (Ψ Ψ 𝛿 Φ ; Melnikov et al. 2015). Except 96 

for Ψ , which is constant in a radar, δ for insects and birds is large and represents a 97 

dominant contributor to Ψ  (Zrnic and Ryzhkov 1998). Meanwhile, Φ , which is near 98 

zero in light rain, increases with distance from the radar in stronger rainfall (Dufton and 99 

Collier 2015; Hubbert et al. 2018). Large fluctuations in Ψ  are indicative of 100 

nonmeteorological scatterers. These characteristic features of polarimetric radar 101 

observations are useful for distinguishing echoes from hydrometeors, Bragg scattering, and 102 

biological echoes. 103 
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In 2015, the National Research Institute for Earth Science and Disaster Resilience 104 

(NIED) introduced five Ka-band scanning radars in the Tokyo metropolitan area of Japan. 105 

Three of these radars have dual-polarization capability and the other two have single 106 

polarization. Millimeter-wavelength radars (Kollias et al. 2007; Maesaka 2018), which are 107 

also referred to as cloud radars, are more sensitive to smaller particles than radars using 108 

centimeter wavelengths, which mainly measure precipitation particles. One of the targets of 109 

the NIED cloud radars is early detection of cumulonimbus clouds that cause short-term 110 

heavy rainfall. Therefore, it is necessary to distinguish hydrometeor echoes and CAEs in 111 

the weak radar reflectivity observed in the early stage of cloud development. Several 112 

previous studies have observed CAEs using vertically pointing cloud (Ka- and W-band) 113 

radars (Yanagisawa 1970; Yanagisawa and Kanbayashi 1972; Geerts and Miao 2005; Luke 114 

et al. 2008; Kalapureddy et al. 2018). However, no scanning cloud radar observations of 115 

CAEs have been conducted to obtain polarimetric variables such as 𝑍 , 𝜌 , and Ψ , 116 

which are expected to be effective in distinguishing CAEs and hydrometeor echoes. 117 

Therefore, this study investigated the characteristics of polarimetric variables for CAEs 118 

obtained using a NIED polarimetric cloud radar. 119 

2. Observations 120 

This study used the NIED polarimetric cloud radar (red dot in Fig. 1) deployed at Ota, 121 

Tokyo (35.58°N, 139.78°E; height: 38 m). The transmitting frequency of this radar is 34.8 122 

GHz (Ka band), which corresponds to a wavelength of 8.6 mm. The peak transmitting 123 
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power of 3.0 kW is divided equally into horizontally and vertically polarized waves. The 124 

observation range is 30 km (red open circle in Fig. 1). At distances >9 km, a 125 

pulse-compression technique is applied on a 55-μs pulse (referred to as long pulse). In the 126 

long-pulse region, high sensitivity was achieved while maintaining the same range 127 

resolution as with a 1-μm pulse (referred to as short pulse), used at distances <9 km. 128 

Therefore, the sensitivity (noise level of 𝑍 ) significantly changed across the boundary at 9 129 

km between short and long pulses. Data were recorded at 150-m intervals in the radial 130 

direction and every 0.35° in the azimuthal direction. Five plan position indicator (PPI) scans 131 

at elevation angles of 1.6°, 4.5°, 7.6°, 10.6°, and 15.0° and a range–height indicator (RHI) 132 

scan at the azimuth angle of 240.7° were repeated every 3 min. The two lowest PPI scans 133 

(1.6° and 4.5°) were limited on the landward side (205°–15°) to avoid large reflections from 134 

low-flying aircraft near the Tokyo International Airport. The differential reflectivity (𝑍 ) bias 135 

was corrected as follows. Misumi et al. (2018) have classified in situ observational data of 136 

drop size distributions at the Tokyo Skytree (Sumida, Tokyo) into five categories. The 𝑍  137 

data around the Tokyo Skytree were extracted for comparison within the time classified into 138 

the “CL” category, which indicates clouds that are not raining or drizzling, using the same 139 

approach as Misumi et al. (2018). The bias was corrected so that 𝑍  extracted within the 140 

time classified into the “CL” category had a value of 0 dB. No attenuation correction was 141 

applied for either 𝑍  or 𝑍 . As the correlation coefficient (𝜌 ) tends to decrease with a 142 

decrease of the signal-to-noise ratio (SNR), a correction for 𝜌  was applied according to 143 
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the SNR (Schuur et al. 2003; Shusse et al. 2009; Section 6.7 in Ryzhkov and Zrnic 2019). 144 

In addition, to confirm the absence of clouds, Himawari-8 (Bessho et al. 2016) band 3 145 

(visible, 0.64 μm) images acquired at 10-min intervals were used in conjunction with 146 

surface observations taken at an observation site of the Japan Meteorological Agency 147 

(JMA) in Tokyo (35.69°N, 139.75°E; blue rectangle in Fig. 1), which is located 12.5 km 148 

north-northwest of the NIED polarimetric cloud radar (i.e., within the radar observation 149 

range). 150 

3. Results 151 

Figure 1a shows albedo in the band 3 (visible) image obtained by the Himawari-8 satellite, 152 

together with the range of observation of the cloud radar at 12:00 Japan Standard Time 153 

(JST) on May 21, 2016. The local mean time in Tokyo is close to JST (i.e., approximately 19 154 

min ahead of JST). Albedo, which is the top-of-atmosphere reflectance defined as the ratio 155 

of reflected radiation to incident solar radiation, was small throughout the area, indicating 156 

cloud-free skies in the radar observation range. Figure 1b shows a time–latitude cross 157 

section of albedo along 139.78°E (crossing the radar site) from sunrise (04:30 JST) to 158 

sunset (18:50 JST) on May 21, 2016. From sunrise until around 13:30 JST, albedo 159 

remained low within the radar observation range between the two red lines. From around 160 

14:00 JST to sunset, an area of cloud represented by the higher albedo extended from the 161 

northern end of the display area toward the south, reaching the northern part of the radar 162 

observation range. 163 
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Figure 2 shows hourly sunshine duration, defined as the ratio of direct normal irradiance 164 

of ≥0.12 kW m2 h−1 (Fig. 2a), and instantaneous cloud cover measured in tenths observed 165 

every 3 h (Fig. 2b), on May 21, 2016 at the JMA Tokyo observation site (blue rectangle in 166 

Fig. 1). Sunshine duration was 1.0 during 07:00–15:00 JST. Then, sunshine duration 167 

decreased to 0.9 at 16:00–17:00 JST and to 0.4 at 18:00 JST. On the following day, 168 

sunshine duration was 1.0 during 06:00–18:00 JST. The sunshine duration of 0.4, recorded 169 

at 18:00 JST on May 21, 2016, was due to the appearance of clouds not the onset of 170 

sunset. Cloud cover was 0, 0+ (representing cover between 0 and 1), or 1 during each of 171 

the 3-h intervals from 06:00 to 15:00 JST. At 18:00 JST, cloud cover was 10- indicating 172 

cover between 9 and 10, i.e., cloud covered most of the sky but with some gaps. As 173 

observed at the JMA Tokyo observation site, the sky was almost cloud-free during 06:00–174 

15:00 JST, following which clouds increased during 16:00–17:00 JST to cover most of the 175 

sky by 18:00 JST. 176 

Figure 3 shows the horizontal distribution of 𝑍  for each hour during 06:00–19:00 JST 177 

on May 21, 2016. The 𝑍  value was obtained from the sector PPI scans at the elevation 178 

angle of 1.6°. The value of 𝑍  at 06:00 JST is considered background noise because it 179 

varied randomly in the horizontal direction. A sharp change in the noise level can be seen at 180 

a distance of 9 km from the radar. This reflects the application of the pulse-compression 181 

technique for a long pulse, which means weak values of 𝑍  can be treated as a significant 182 

signal. In particular, at distances of between 9 and approximately 20 km from the radar 183 
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within the long-pulse area, an increase of 𝑍  from early morning to noon is evident. Given 184 

the surface observations from the JMA Tokyo observation site (Fig. 2), it is inferred that this 185 

increase was caused by CAEs, not by clouds. The CAEs then developed widely within the 186 

radar observation range. In the early afternoon, the maximum 𝑍  value of the CAEs was 187 

>−15 dBZ. The clouds in the satellite image (Fig. 1b) moved southward to reach the latitude 188 

of the radar site (35.58°N) at around 15:30 JST. In the PPI scans at high elevation angles of 189 

10.6° and 15.0°, an echo with moderately large 𝑍  (>10 dBZ) extended southward after 190 

13:45 JST (not shown). RHI observations at the azimuth angle of 240.7° showed that this 191 

echo was present at heights of 4–8 km and did not reach the ground surface (not shown). 192 

Therefore, this echo at higher altitude could not be confirmed in the PPI images obtained at 193 

the low elevation angle of 1.6° (Fig. 3). The temporal variation of clouds in the satellite 194 

image (Fig. 1b) and the decrease in sunshine duration at Tokyo after 16:00 JST (Fig. 2a) 195 

were consistent with the appearance of the higher-altitude clouds seen in the radar 196 

observations. Values of 𝑍  > 15 dBZ were observed at low altitude in the north-northeast 197 

of the observation range at 18:00 JST and in the northern half of the observation range at 198 

19:00 JST (Fig. 3). These echoes showed much higher values of 𝑍  than the CAEs (i.e., 199 

−15 dBZ or less). These higher values of 𝑍  at low altitude were considered to reflect cloud 200 

and precipitation. The CAEs of −15 dBZ (or less) near the cloud and precipitation echoes 201 

decayed after 18:00 JST. 202 

Vertical cross sections of 𝑍  obtained by the RHI scans at the azimuth angle of 240.7° 203 
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are shown in Fig. 4. The values of 𝑍  at 06:00 JST also represent the background noise 204 

level. At 07:00–08:00 JST, 𝑍  started to increase slightly in the lowest layer, which was 205 

particularly evident at distances of between 9 and approximately 20 km from the radar 206 

within the long-pulse area. Taking into account the satellite images and surface 207 

observations, the echoes in the lowest layer were considered CAEs. The CAEs in the 208 

lowest layer extended upward and reached the height of 1.5 km by 11:00 JST. Echo plumes 209 

with horizontal scale of 1–3 km were especially pronounced during 12:00–13:00 JST. 210 

Subsequently, CAEs of −20 to −15 dBZ were present below the height of approximately 1 211 

km until 18:00 JST. Echoes of 0 dBZ within the distance of 12 km from the radar at 19:00 212 

JST were considered associated with cloud and precipitation, as confirmed by the PPI 213 

images (Fig. 3). At 19:00 JST, the CAEs had decayed further than the echoes of the cloud 214 

and precipitation area (>12 km from the radar). 215 

To examine the differences of polarimetric parameters between CAEs and 216 

cloud/precipitation echoes, Fig. 5 presents PPI scans of 𝑍 , 𝑍 , 𝜌 , and Ψ  obtained 217 

at the elevation angle of 1.6° at 18:00 JST. To remove signals around the noise level, only 218 

regions with SNR > 3 dB were examined. In a region including mainly cloud and 219 

precipitation echoes (CP region), shown by an arc shape surrounded by thick white lines at 220 

a distance of >14 km north of the radar, most values of 𝑍  were around 0–1 dB (Fig. 5b). 221 

As the axis ratio of small liquid particles is close to 1 (e.g., Pruppacher and Beard 1970; 222 

Beard et al. 2010), the 𝑍  value of small liquid particles is expected to be close to 0 dB. 223 
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This indicates that the 𝑍  observed by the Ka-band radar was reasonable. In the region 224 

excluding the CP region, which mainly includes CAEs (CAE region), 𝑍  values showed 225 

large variation from >3 dB to negative values. In the CP region, the 𝜌  values were large 226 

(>0.9) in most areas but small at the edges of the echoes. In the CAE region, most 𝜌  227 

values were <0.9 (Fig. 5c). The variability of Ψ  in the range direction was small in the 228 

CP region, while it increased in the CAE region (Fig. 5d). Prior to 18:00 JST, the 𝑍 , 𝜌 , 229 

and Ψ  values of CAEs showed similar characteristics (not shown). 230 

The relative frequency distributions of polarimetric parameters are shown in Fig. 6. The 231 

relative frequencies are indicated by a common logarithm. The upper and lower panels 232 

show the CAE and CP regions, respectively. In the CAE region, most values of 𝑍  were 233 

<−15 dBZ (Fig. 6a and 6b). On average, 𝑍  was positive (1.8 dB), although it exhibited 234 

very large variance with standard deviation of 2.8 dB (Fig. 6a and 6c). Most 𝜌  values 235 

were <0.9 (Fig. 6b and 6c). In the distribution in the 𝑍 –𝜌  space, the relative 236 

frequencies showed remarkably wide distribution (Fig. 6c). In the CP region, 𝑍  was 237 

distributed around 0 dB, as shown in Fig. 6d. The averaged value and the standard 238 

deviation were 0.4 and 1.4 dB, respectively. The dispersion of 𝑍  increased as 𝑍  or 𝜌  239 

decreased (Fig. 6d and 6f). This is consistent in that the standard deviation of 𝑍  240 

increases with decreasing SNR and 𝜌  (Bringi et al. 1983; Melnikov and Zrnić 2004; 241 

Melnikov and Zrnić 2007). Values of 𝜌  were mostly >0.9 when 𝑍  > −10 dB. However, 242 

the values were considerably <0.9 when 𝑍  < −10 dBZ (Fig. 6e). The small values of 𝜌  243 
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were considered to be caused partially by the larger dispersion in the small SNR with small 244 

𝑍  as well as by contamination of CAEs with small 𝜌 . In the 𝑍 –𝜌  space (Fig. 6f), the 245 

areas with high frequency are concentrated around 𝑍  = 0 dB and 𝜌  > 0.9. 246 

4. Discussion 247 

We discuss the scattering bodies that potentially cause CAEs. However, there have been 248 

no previous observations of CAEs using Ka-band dual-polarization radars. Therefore, the 249 

results obtained in the present study are compared with observations derived using 250 

dual-polarization radars operating at other transmitting frequencies. Many CAE cases have 251 

been observed by S-band radars in the United States. Of the CAEs described by Rauber 252 

and Nesbitt (2018), we discuss the potential involvement of Bragg scattering and biological 253 

echoes. Bragg scattering shows significant radar reflectivity at longer wavelengths (Knight 254 

and Miller 1998; Martin and Shapiro 2007). A number of CAEs considered to reflect Bragg 255 

scattering have been observed by S-band radars, which have the longest wavelength of 256 

meteorological radars used for measuring hydrometeors. Values of 𝑍  for Bragg scattering 257 

observed in the S-band are typically <10 dBZ and mostly <0 dBZ (Knight and Miller 1993; 258 

Richardson et al. 2017). Echoes observed by C-band and X-band radars, which were 259 

probably due to Bragg scattering, have also been reported, e.g., Minda et al. (2010) for 260 

C-band radar and Knight and Miller (1998) for X-band radar. We assume that there exist 261 

turbulent eddies observable by two radars with different wavelengths and that Bragg 262 

scattering is observed by the radars. A formula for calculating the difference in 𝑍  of Bragg 263 
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scattering between two wavelengths (Knight and Miller 1993; Wilson et al. 1994; Knight and 264 

Miller 1998; Gage et al. 1999) can be expressed as follows: 265 

𝑑𝐵𝑍 𝑑𝐵𝑍 10 log
⁄

,                    (1) 266 

where 𝑑𝐵𝑍  and 𝑑𝐵𝑍  are the radar reflectivity factors (unit: dB) at the 267 

transmitting wavelengths of 𝜆  and 𝜆 , respectively. The difference in 𝑍  between the 268 

S-band (10.7 cm) and Ka-band (0.86 cm) is 40.1 dBZ. This indicates that the upper limit of 269 

Bragg scattering observed by Ka-band radar is approximately −30 dBZ, which is lower than 270 

the majority of 𝑍  (−30 to −15 dBZ) observed in the CAE region in the present study. Bragg 271 

scattering observed by S-band polarimetric radar has been reported to show 𝑍   0 dB 272 

and 𝜌   1 (Melnikov et al. 2011; Melnikov and Zrnić 2017; Hubbert et al. 2018), while for 273 

the present study, 𝑍  was highly positive and 𝜌  was <0.9. Therefore, it is unlikely that 274 

the observations obtained in this study were due to Bragg scattering. 275 

Biological echoes are caused primarily by insects and birds/bats (Rauber and Nesbitt 276 

2018). Generally, echoes associated with insects appear broad and uniform in 277 

low-elevation PPI observations, whereas echoes associated with birds and bats in the 278 

radar observation range appear as localized linear or circular patterns that move temporally 279 

(Horn and Kunz 2008; Minda et al. 2008; Van Den Broeke 2013; Rauber and Nesbitt 2018). 280 

Therefore, it is inferred that the widespread echoes observed in the present study were due 281 

to signals from insects. Values of 𝑍  of insect echoes observed by Ka-band radars can be 282 

up to 0 dBZ (Luke et al. 2008; Browning et al. 2011), i.e., larger than observed in the 283 
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present study (<−10 dBZ). It is considered that the difference in maximum 𝑍  reflects the 284 

difference in the backscattering cross section depending on the observed insect (Takeda 285 

and Murabayashi 1981; Martin and Shapiro 2007). 286 

When the observation target is clouds and precipitation, it is necessary to distinguish 287 

insect echoes from those echoes. Kilambi et al. (2018) introduced a depolarization ratio 288 

(DR) as a proxy quantity for the circular depolarization ratio to separate meteorological 289 

targets from nonmeteorological targets. DR is defined as follows (Melnikov and Matrosov 290 

2013; Ryzhkov et al. 2014; Ryzhkov et al. 2017): 291 

DR
⁄

⁄ ,                               (2) 292 

where 𝑍  is the differential reflectivity in linear scale (𝑍 10 log 𝑍 ). Using C-band 293 

and S-band radar data in Canada and the United States, Kilambi et al. (2018) suggested 294 

thresholds of DR > −12 dB and 𝑍  < 35 dBZ for nonmeteorological echoes. To exclude hail 295 

and melting graupel, which can exhibit values of DR > −12 dB, they used the threshold of 296 

𝑍  < 35 dBZ. However, no such large reflectivity was observed in the present case. The 297 

decibel values of DR are shown by contours in Fig. 6c and 6f. In the CAE (CP) region, most 298 

values of DR are >−12 (<−12) dB. Therefore, it was considered that identification using the 299 

DR threshold works well for this Ka-band radar. In addition, Kilambi et al. (2018) reported 300 

that skill was improved when a despeckling algorithm was used to remove false 301 

identification, i.e., if the identification of the central pixel differs from that of the majority 302 

comprising itself and the eight neighboring pixels, it is changed to reflect the majority. In 303 
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addition, the difference in the variation of Ψ  in the range direction might be effective for 304 

distinguishing clouds and precipitation echoes and nonmeteorological echoes.  305 

5. Summary 306 

This study examined the characteristics of CAEs observed by the NIED polarimetric 307 

cloud radar at Ota in the Tokyo metropolitan area, Japan on May 21, 2016. Based on 308 

images from the Himawari-8 geostationary weather satellite and surface observations 309 

recorded at the JMA Tokyo observation site, it was determined that almost no cloud was 310 

present during 06:00–15:00 JST within the radar observation range, and that clouds 311 

extended southward within the radar range during 16:00–17:00 JST. By 18:00 JST, cloud 312 

covered most of the sky at the JMA Tokyo observation site, which is located 12.5 km 313 

north-northwest of the NIED polarimetric cloud radar within the radar observation range. 314 

In the lowest layer, the 𝑍  values of the CAEs increased after sunrise. The largest 𝑍  315 

values of the CAEs were >−15 dBZ. The CAEs extended upward with time from near the 316 

ground to reach a maximum height of 1.5 km. In the evening, the 𝑍  values of the CAEs 317 

decreased. In the CAE region at 18:00 JST, the average value of 𝑍  was large and 318 

positive (1.8 dB) with large standard deviation (2.8 dB), and the 𝜌  values were mostly 319 

<0.9. The variability of Ψ  in the range direction was large. Conversely, in the CP region, 320 

the average value of 𝑍  was close to 0 (0.4 dB), and the frequency was large at 𝜌  > 321 

0.9, although 𝜌  at some points showed smaller values. The variability of Ψ  in the 322 

range direction was small in the CP region. The characteristics of 𝑍 , 𝜌 , and Ψ  in 323 
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the CAE region were consistent with those associated with biological echoes observed by 324 

S-band radars in previous studies. When the maximum 𝑍  for Bragg scattering observed 325 

by S-band radar is 10 dBZ, the upper limit of Bragg scattering observed by Ka-band radar is 326 

estimated to be approximately −30 dBZ owing to the wavelength dependence of Bragg 327 

scattering. This indicates that Bragg scattering is hardly observed by the Ka-band radar. As 328 

the observed echoes were spread widely over the radar observation range, it was inferred 329 

that the scattering bodies were insects, not birds or bats. Most CAEs observed by Ka-band 330 

radars can be distinguished from clouds and precipitation echoes using the threshold of DR 331 

> −12 dB, as suggested by Kilambi et al. (2018). The polarimetric variables, which can be 332 

obtained by scanning radar, are useful in distinguishing between CAEs and meteorological 333 

echoes in Ka-band radar signals. 334 
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List of Figures 473 

Fig. 1  Albedo (unitless) of band 3 (visible) image obtained by the Himawari-8 474 

geostationary satellite. (a) Horizontal distribution at 12:00 JST on May 21, 2016. Red dot 475 

and red open circle indicate the Ka-band radar site at Ota (Tokyo) and its observation 476 

range with a radius of 30 km, respectively. The range of azimuth from 205° to 15° 477 

clockwise from north, which is indicated by the two white lines and a double-headed 478 

arrow, corresponds to the scanning range of sector PPI scans at the elevation angle of 479 

1.6°. Blue rectangle indicates the Japan Meteorological Agency surface observation site 480 

in Tokyo. (b) Time–latitude cross section along 139.78°E through the cloud radar site 481 

from sunrise in Tokyo (04:30 JST) to sunset (18:50 JST). The two red lines indicate the 482 

northern and southern limits of the radar observation range. White blank before 12:00 483 

JST indicates no data. 484 

Fig. 2  Surface weather observations recorded at the Japan Meteorological Agency 485 

surface observation site at Tokyo on May 21, 2016. (a) Sunshine duration (h) and (b) 486 

cloud cover measured in tenths. Values between 0 and 1 and between 9 and 10 are 487 

referred to as 0+ and 10-, respectively. 488 

Fig. 3  Hourly equivalent radar reflectivity (𝑍 , color scale, dBZ) from 06:00–19:00 JST on 489 

May 21, 2016, obtained by sector PPI scans at the elevation angle of 1.6°. Radar 490 

reflectivity at 06:00 JST was considered to be the background noise level because it 491 

varied randomly in the horizontal direction. White lines indicate azimuthal angle of RHI 492 
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scans (240.7°) shown in Fig. 4. 493 

Fig. 4  Hourly equivalent radar reflectivity (𝑍 , color scale, dBZ) from 06:00–19:00 JST on 494 

May 21, 2016, obtained by RHI scans at the azimuthal angle of 240.7° along the white 495 

lines shown in Fig. 3. Radar reflectivity at 06:00 JST was considered to be the 496 

background noise level. 497 

Fig. 5  (a) Equivalent radar reflectivity (𝑍 , dBZ), (b) differential reflectivity (𝑍 , dB), (c) 498 

copolar correlation coefficient (𝜌 , unitless), and (d) total differential phase (Ψ , degree) 499 

at 18:00 JST on May 21, 2016, obtained by a sector PPI scan at the elevation angle of 500 

1.6°. The arc-shaped region to the north of the radar, surrounded by thick white lines, 501 

indicates the main region of cloud and precipitation echoes (CP region). Black color 502 

within the observation range indicates a signal-to-noise ratio of <3 dB. 503 

Fig. 6  Relative frequency (𝑓  in the figure) distributions at the elevation angle of 1.6° of a 504 

sector PPI scan at 18:00 JST on May 21, 2016. (a and d) 𝑍  and 𝑍 , (b and e) 𝑍  and 505 

𝜌 , and (c and f) 𝑍  and 𝜌 . Upper and lower panels show the distributions in the 506 

clear air echo (CAE) and cloud/precipitation (CP) regions, respectively. Relative 507 

frequency (𝑓 ) is represented by a common logarithm. The numbers of samples used for 508 

(a–c) and (d–f) were 19,455 and 3280, respectively. Widths of bins for 𝑍 , 𝑍 , and 𝜌  509 

are 1 dBZ, 0.1 dB, and 0.01, respectively. Thick gray lines in (c) and (f) indicate the 510 

depolarization ratio (DR) in dB, as introduced by Kilambi et al. (2018). 511 
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Fig. 1  Albedo (unitless) of band 3 (visible) image obtained by the Himawari-8 513 

geostationary satellite. (a) Horizontal distribution at 12:00 JST on May 21, 2016. Red dot 514 

and red open circle are the Ka-band radar site at Ota (Tokyo) and its observation range 515 

with a radius of 30 km, respectively. The range of azimuth from 205° to 15° clockwise 516 

from north, which is indicated by the two white lines and a double-headed arrow, 517 

corresponds to the scanning range of sector PPI scans at the elevation angle of 1.6°. 518 

Blue rectangle indicates the Japan Meteorological Agency surface observation site in 519 

Tokyo. (b) Time–latitude cross section along 139.78°E through the cloud radar site from 520 

sunrise in Tokyo (04:30 JST) to sunset (18:50 JST). The two red lines indicate the 521 

northern and southern limits of the radar observation range. White blank before 12:00 522 

JST indicates no data. 523 
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 524 

Fig. 2  Surface weather observations recorded at the Japan Meteorological Agency 525 

surface observation site at Tokyo on May 21, 2016. (a) Sunshine duration (h) and (b) 526 

cloud cover measured in tenths. Values between 0 and 1 and between 9 and 10 are 527 

referred to as 0+ and 10-, respectively.528 

Fig. 2 
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 529 

Fig. 3  Hourly equivalent radar reflectivity (𝑍 , color scale, dBZ) from 06:00–19:00 JST on 530 

May 21, 2016, obtained by sector PPI scans at the elevation angle of 1.6°. Radar 531 

reflectivity at 06:00 JST was considered to be the background noise level because it 532 

varied randomly in the horizontal direction. White lines indicate azimuthal angle of RHI 533 

scans (240.7°) shown in Fig. 4.534 
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Fig. 4  Hourly equivalent radar reflectivity (𝑍 , color scale, dBZ) from 06:00–19:00 JST on 536 

May 21, 2016, obtained by RHI scans at the azimuth angle of 240.7° along the white lines 537 

shown in Fig. 3. Radar reflectivity at 06:00 JST was considered to be the background 538 

noise level. 539 

Fig. 4 
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Fig. 5  (a) Equivalent radar reflectivity (𝑍 , dBZ), (b) differential reflectivity (𝑍 , dB), (c) 541 

copolar correlation coefficient (𝜌 , unitless), and (d) total differential phase (Ψ , 542 

degree) at 18:00 JST on May 21, 2016, obtained by a sector PPI scan at the elevation 543 

angle of 1.6°. The arc-shaped region to the north of the radar, surrounded by thick white 544 

lines, indicates the main region of cloud and precipitation echoes (CP region). Black color 545 

within the observation range indicates a signal-to-noise ratio of <3 dB.546 

Fig. 5 
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 547 

Fig. 6  Relative frequency (𝑓  in the figure) distributions at the elevation angle of 1.6° of a 548 

sector PPI scan at 18:00 JST on May 21, 2016. (a and d) 𝑍  and 𝑍 , (b and e) 𝑍  and 549 

𝜌 , and (c and f) 𝑍  and 𝜌 . Upper and lower panels show the distributions in the 550 

clear air echo (CAE) and cloud/precipitation (CP) regions, respectively. Relative 551 

frequency (𝑓 ) is represented by a common logarithm. The numbers of samples used for 552 

(a–c) and (d–f) were 19,455 and 3280, respectively. Widths of bins for 𝑍 , 𝑍 , and 𝜌  553 

are 1 dBZ, 0.1 dB, and 0.01, respectively. Thick gray lines in (c) and (f) indicate 554 

depolarization ratio (DR) in dB, as introduced by Kilambi et al. (2018). 555 
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