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Abstract 1 

A measurement scheme aimed at investigating precipitation properties based on collocated 2 

disdrometer and profiling instruments is used in many experimental campaigns. Raindrop size 3 

distribution (RSD) estimated by disdrometer is referred to the ground level; the collocated profiling 4 

instrument is supposed to provide complementary estimation at different heights of the precipitation 5 

column above the instruments. As part of the Special Observation Period 1 of the HyMeX 6 

(Hydrological Cycle in the Mediterranean Experiment) project, conducted between 5 September 7 

and 6 November 2012, a K-band vertically pointing micro rain radar (MRR) and a 2D video 8 

disdrometer (2DVD) were installed close to each other at a site in the historic center of Rome 9 

(Italy). The raindrop size distributions collected by 2D video disdrometer are considered to be fairly 10 

accurate within the typical sizes of drops. Vertical profiles of raindrop sizes up to 1085 meters are 11 

estimated from the Doppler spectra measured by the micro rain radar with a height resolution of 35 12 

meters. Several issues related to vertical winds, attenuation correction, Doppler spectra aliasing, and 13 

range-Doppler ambiguity limit the performance of MRR in heavy precipitation or in convection, 14 

conditions that frequently occur in late summer or in autumn in Mediterranean regions. In this 15 

paper, MRR Doppler spectra are reprocessed, exploiting the 2DVD measurements at ground to 16 

estimate the effects of vertical winds at 105 m (the most reliable MRR lower height), in order to 17 

provide a better estimation of vertical profiles of raindrop size distribution from MRR spectra. 18 

Results show that the reprocessing procedure leads to a better agreement between the reflectivity 19 

computed at 105 m from the reprocessed MRR spectra and that obtained from the 2DVD data. 20 

Finally, vertical profiles of MRR-estimated RSDs and their relevant moments (namely median 21 

volume diameter and reflectivity) are presented and discussed in order to investigate the 22 

microstructure of rain both in stratiform and convective conditions. 23 
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1. Introduction 28 

An important property characterizing rainfall is raindrop size distribution (RSD), defined as the 29 

concentration of number of raindrops as a function of diameter. Accurate knowledge of RSD is a 30 

key factor for understanding precipitation processes and developing and validating precipitation 31 

remote sensing retrieval techniques. The characteristics of RSD at ground (such as the shape) result 32 

from several different precipitation formation processes (such as coalescence, break-up and drop 33 

sorting). Typically, RSD at ground is measured by disdrometers, drop-sampling devices using 34 

different measurement principles, such as drop impact (Joss and Waldvogel 1967), video analysis 35 

(Schönhuber et al. 2007), laser measurements (Löffler-Mang and Joss 2000), or microwave returns 36 

from precipitating particles (Sheppard 1990, and Prodi et al. 2000). However, it is also important to 37 

characterize changes of RSD in height, even in layers closer to the ground. Just to mention an 38 

application, errors in precipitation estimation from satellite-borne or ground-based weather radar 39 

depend also on vertical gradients of RSD in rain (Chandrasekar et al. 2003 and Gorgucci and 40 

Baldini, 2015). Investigation of RSD vertical profiles has been conducted with several instruments 41 

and methods (e.g., Bringi et al 2009, and Giangrande et al. 2012). Profiler observations, although 42 

limited to the rain column above the instruments, have a higher vertical resolution than that 43 

achievable by scanning weather radar that varies depending on the distance between radar sample 44 

volume and radar antenna. Moreover, they can provide more frequent measurements.  45 

 46 

Within the Hydrological Cycle in the Mediterranean Experiment (HyMeX) Special Observing 47 

Period 1 (SOP1) framework (Ducroq et al. 2013, and Ferretti et al. 2014 as far SOP1 activities in 48 

Central Italy are concerned), a disdrometer and a vertically pointing radar profiler were collocated 49 

on a rooftop at Sapienza University of Rome in the historic center of Rome. Specifically, installed 50 

were a 2D video disdrometer (2DVD) by Joanneum Research mbH, Graz, Austria (Schönhuber, et 51 

al. 2007) and a radar vertical profiler termed Micro Rain Radar (MRR) by Meteorologische 52 
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Messtechnik GmbH (Metek). Drop diameter spectra and drop fall velocity spectra measured by 53 

2DVD are considered to be more accurate within all the typical sizes of drops with respect to 54 

similar measurements collected by other disdrometers based on different measuring principles 55 

(Tokay et al. 2013). The collocated profiling instrument is supposed to provide complementary 56 

measurements, referred at different heights of the precipitation column above the instrument. MRR 57 

is a relatively cheap frequency-modulated continuous-wave (FM-CW) radar operating at K-band 58 

with a low-power solid state transmitter and a 60 cm offset antenna (2° beam width) pointed along a 59 

fixed direction. In the configuration adopted in the experiment in Rome, MRR measurements were 60 

provided from near ground level (the first gates were not usable) to 1085 meters, with a height 61 

resolution of 35 meters, for the purpose of investigating variability of precipitation within a narrow 62 

layer close to the surface. MRR estimates power spectra at different heights determined by 63 

backscatter of raindrops falling at different velocities. Since fall velocities are related to the 64 

diameters of drops, under certain assumptions, MRR spectra can be converted into drop size spectra 65 

(Metek 2012). Peters et al. (2005) and Tokay et al. (2009) investigated the performance of MRR 66 

using the same configuration adopted in Rome. The first study analyzed the influence of different 67 

error sources using theoretical modelling and a dataset composed mainly of light to moderate rain. 68 

The second study took advantage of measurements collected by collocated impact disdrometer, 69 

raingauge, and an S-band radar profiler during a 16-month experiment. The S-band profiler was 70 

taken as reference, being a pulsed system (therefore unaffected by the FM-CW artifacts described 71 

later) using an S-band frequency, hence almost unaffected by attenuation and able to provide 72 

reflectivity factor measurements in the Rayleigh scattering regime. Reflectivity measured by the S-73 

band profiler agreed quite well with the reflectivity factor (i.e., the sixth moment of estimated 74 

raindrop size distribution) obtained from MRR, at a common gate at around 175 m. Moreover, both 75 

reflectivities agreed with measurements of an impact disdrometer at ground. However, reflectivity 76 

measured by the S-band profiler showed a smaller mean vertical gradient: the mean bias between 77 

MRR and profiler reflectivity was within 1 dB for heights below 500 meters. Moreover, the bias 78 
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between disdrometer and MRR reflectivity increased both with height and with reflectivity. Such 79 

findings suggest that MRR overestimates the vertical variability of reflectivity because of some 80 

artifacts related, for example, to spectra aliasing and underestimated attenuation effects.  81 

 82 

Successful investigations using MRR in snow and light rain are reported in the literature, although 83 

required changes of several aspects of the MRR standard processing chain such as noise level 84 

estimation and detection and correction of spectra aliasing and height-Doppler ambiguity (Tridon et 85 

al. 2011, Kenifel et al. 2011 and Maahn and Kollias 2012). Conversely, the utility of this instrument 86 

in heavy rain or in convection has been questioned (Calheiros and Machado, 2014) and deserves 87 

more investigation since heavy rain conditions were frequently observed during the HyMeX SOP 1. 88 

For this purpose, HyMeX SOP 1 data were examined to highlight the influence of different factors 89 

on vertical profiles estimated by MRR, focusing on heavy rain; also in order to propose some 90 

changes in the processing chain to improve the reliability of MRR profiles. The suggested 91 

processing takes advantage of techniques already introduced for snow and light rain and of the 92 

reference RSD estimated at ground by a disdrometer.  93 

 94 

This paper is organized as follows. Section 2 presents an overview of the data available and of the 95 

processing of 2DVD and MRR, highlighting and justifying the proposed changes to the standard 96 

processing chain of MRR. Results concerning comparison of 2DVD and MRR measurements at the 97 

lowest reliable range gates are presented in section 3. Finally, profiles resulting from the HyMeX 98 

campaign are illustrated in section 4, while section 5 summarizes important results of the paper.  99 
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2. Data and instrumentation 100 

2.1 Overview of the HyMeX SOP 1 measurements in Rome 101 

The study was performed using measurements collected by the MRR and the 2DVD installed on the 102 

roof (41.89°N, 12.49°E, 70 m above sea level) of the Department of Electrical Engineering and 103 

Telecommunications at Sapienza University of Rome (hereinafter Sapienza site) in the historic 104 

center of Rome. A detailed description of instrumentation made available for HyMeX SOP 1 in 105 

Central Italy by cooperating institutions for SOP1 is in Ferretti et al. (2014).  106 

Measurements from the two instruments used in this study, namely MRR and 2DVD were available 107 

from 4 September to 11 November 2012. Eight days with total rainfall exceeding 5 mm and rain 108 

duration exceeding 15 minutes were chosen for this study. Table 1 lists the main characteristics of 109 

these rain events revealed by 2 DVD and MRR “averaged data”. For each date in the first column 110 

(in the format MMDD—2 digits for the month and 2 digits for the day), the number of rainy 111 

minutes registered by the two instruments (see sect. 2.2 for a definition of “rainy minute” for 112 

2DVD) is reported in the second column, while the seventh column is the maximum drop diameter 113 

detected by the 2DVD during the event. Note that along the manuscript, the subscript “2DVD” 114 

means that a quantity has been computed from the 2DVD data, while subscripts like “AVE@105” 115 

means that it has been derived from the data provided by the standard Metek processing (namely 116 

the “Averaged data” described in section 2.3) at the height of 105 m above the ground every 117 

minute. Most of the events occurred in September and October were related to the presence of 118 

convection, while from the end of October, stratiform precipitation prevailed. Two events in 119 

October presented maximum rain rates above 100 mm h-1 (Table 1, fifth column), while the longest-120 

lasting event was registered on October 31. In all cases, the melting layer was above the highest 121 

gate of the MRR.  122 
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2.2 2DVD processing 123 

The 2D video disdrometer measures the diameter, fall velocity, and oblateness of individual drops 124 

that fall through its virtual measuring area of 1010 cm2 (Schönhuber et al. 2007). In order to 125 

eliminate spurious drops, namely data potentially affected by instrumental errors or environmental 126 

factors (such as wind effect and splashing), the filtering criterion proposed by Tokay et al. (2001) 127 

was applied. The criterion implies that drops with velocity outside ±50% of the Atlas et al. (1973) 128 

diameter-fall speed relation 129 

 𝑣𝑡(𝐷𝑖) = 9.65 − 10.3 exp(−0.6 𝐷𝑖)        (m s−1) (1) 

were removed. For the selected rain events, the percentage of drops removed by this criterion is 130 

reported in the last column of Table 1. For each time interval of duration Δt (s) with more than 10 131 

drops counted, RSD is computed as  132 

 𝑁(𝐷𝑖) =  
1

A ∆𝑡 ∆𝐷𝑖
 ∑

1

 𝑣(𝐷𝑘)
     (𝑚𝑚−1𝑚−3)

𝑀𝑖

𝑘=1

 (2) 

where ΔDi (mm) is the width of the i-th class of the RSD, A is the virtual measuring area in m2, Mi 133 

is the total number of drops detected by the instrument in the i-bin, Δt is the time interval (in this 134 

paper, Δt can be either 10 seconds or 1 minute), and v(D) (m s-1) is the terminal fall velocity of the 135 

drops. Although a measurement of fall speed is provided by 2DVD, (1) is used to be consistent with 136 

MRR processing. In order to compute the RSD from 2DVD measurements, the detected drops have 137 

been stratified in 50 bins with constant width of 0.2 mm and diameters that range from 0 mm to 10 138 

mm.  139 

 140 

From the RSD several important hydrological and meteorological observables can be 141 

straightforwardly computed, such as the reflectivity factor (Z) as 142 

 𝑍 = ∫ 𝑁(𝐷)𝐷6 𝑑𝐷
  𝐷𝑚𝑎𝑥

𝐷𝑚𝑖𝑛

      (mm6 m−3) (3) 
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where Dmin and Dmax are the minimum and maximum drop diameter measured in a given time 143 

interval and the median volume diameter D0 defined by 144 

 ∫ 𝑁(𝐷)𝐷3 𝑑𝐷
  𝐷0

𝐷𝑚𝑖𝑛

=  
1

2
 ∫ 𝑁(𝐷)𝐷3 𝑑𝐷

  𝐷𝑚𝑎𝑥

𝐷𝑚𝑖𝑛

.      (4) 

 145 

Furthermore, a characteristic fall velocity can be computed as 146 

 𝑣𝑐,2𝐷𝑉𝐷(𝐷) =  
∫ 𝑣𝑡  (𝐷)𝑁(𝐷) 𝜎𝑏(𝐷) 𝑑𝐷

𝐷𝑚𝑎𝑥

𝐷𝑚𝑖𝑛

∫ 𝑁(𝐷) 𝜎𝑏(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥

𝐷𝑚𝑖𝑛

      (m s−1) (5) 

where σb is the backscattering cross section area computed at a reference frequency, such as that of 147 

MRR.  148 

2.3 MRR standard processing 149 

The MRR installed in Rome used a 24.243 GHz frequency adopting the FM-CW scheme (Strauch 150 

et al. 1976) to estimate Doppler spectra in 64 bins over 32 range gates at a range resolution that 151 

depends on the selected width of the linear modulation. Adjusting the frequency modulation 152 

between 0.5 and 15 MHz allows one to vary vertical resolution between 300 m and 10 m, 153 

respectively. A 35 m resolution was chosen allowing MRR to provide measurements from 0 to 154 

1085 meters. However, the initial and final gates must be excluded because of near field effects and 155 

noise, respectively. The peak repetition frequency is fixed to 2 kHz and results in an unambiguous 156 

Nyquist velocity range of about 12 m s-1. The MRR standard processing implemented by Metek 157 

makes available several types of output: 1) “Raw data,” provided every 10 seconds, are the lowest 158 

level of data available and consist of spectra obtained from 60 frequency sweeps collected in 6-159 

second intervals and additional information to further process them such as the calibration constant 160 

and the transfer function. 2) “Processed data” are obtained every 10 seconds after processing that 161 

includes subtraction of estimated noise level and attenuation correction; outputs include estimated 162 

RSD and calculation of some moments,and 3) “Averaged data” are similar to “Processed data”, but 163 

are averaged over a longer time interval (typically 60 seconds). The main steps in the procedure to 164 
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estimate RSD and its moments are described in Peters et al. (2005), Peters et al. (2010), and Metek 165 

(2012). The procedure starts from a matrix of estimated Doppler spectra S(i,j) where i=1, 2, … 64 166 

and j=1, 2, …  , 32, are the indices of spectrum lines spaced by 30.25 Hz and range (height) gates, 167 

respectively. The first range gate, corresponding to the height of 0 m, is excluded from further 168 

processing and therefore is not made available in the “Processed data” and “Averaged data”. 169 

Spectra of “Raw data” include the contribution of noise that is estimated from consecutive lines in 170 

which fluctuation is below a threshold (i.e., the noise level) set from expected fluctuation of noise. 171 

For a complete description of the method implemented in the MRR standard process to estimate the 172 

noise level see Metek (2012, sect 1.5.2). Estimated noise is subtracted from spectra that are then 173 

converted using calibration constant and range weighting into spectral reflectivity density expressed 174 

as  (i,j) that represent the volume reflectivity in m-1 per unit of velocity of each Doppler spectral 175 

bin so that the equivalent reflectivity factor at the frequency of MRR at a given range bin can be 176 

determined as  177 

 𝑍𝑒 =
𝜆4

𝜋5|𝐾𝑤|2
 ∫ 𝜂𝑣(𝑣) 𝑑𝑣     (mm6 m-3) (6) 

where Kw is the dielectric factor of water and λ is the radar wavelength. Doppler velocity is 178 

converted into drop diameter by inverting the univocal relation between drop diameter and terminal 179 

velocity given by (1) that is valid for 0.109  D  6.109 mm, corrected for air density vertical 180 

gradient using the multiplicative factor 𝛿(ℎ) = 1 + 3.68 × 10−5ℎ + 1.71 × 10−5ℎ2, where h is the 181 

height above sea level in meters (Peters et al. 2005). Therefore, the spectral reflectivity density with 182 

respect to the drop diameter is given by 183 

 𝜂𝐷(𝑖, 𝑗) = 𝜂𝑣(𝑖, 𝑗) 6.18 exp(−0.6 𝐷) 𝛿(ℎ)   (mm−1 m−1) (7) 

The obtained spectral lines are relative to diameters given by  184 

 𝐷(𝑖, 𝑗) =  
1

0.6
𝑙𝑜𝑔

10.3

9.65 − 𝑣𝑡(𝑖)𝛿(ℎ𝑗)
      (mm) (8) 
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that vary with height and are not uniformly spaced. It should be noted that (8) is valid for  185 

0 ≤ 𝑣𝑡(𝑖)𝛿(ℎ𝑗) ≤ 9.65  ms-1. For rain, in the absence of updraft or downdraft, such a condition is 186 

also verified by larger drops, that, as suggested by, (1) have similar velocities. More precisely, it 187 

has been verified that for larger diameters, drop terminal velocity decreases with increasing 188 

diameter (e.g., Laws 1941, Beard 1976, Thurai and Bringi, 2005). A downdraft shifts the Doppler 189 

spectrum towards higher velocities that could not be inverted by (8). Therefore (8) is applied only 190 

to diameters D within the range limits of 0.246 mm and 5.8 mm corresponding to velocities 191 

between 0.76 m s−1 and 9.36 m s−1. This fact implies that MRR estimated RSDs are truncated. 192 

 193 

Then, assuming that drops are oblate spheroids of equivalent volumetric spherical diameter D, the 194 

single particle backscattering cross-section is calculated under Mie theory and used to normalize 195 

power spectra to become profiles of RSDs from which the profiles of the various moments are 196 

obtained. Among the moments calculated, the reflectivity factor is the sixth moment of the RSD  as 197 

in (3), which is not the same as the equivalent reflectivity factor for the MRR frequency computed 198 

by (6).  199 

A critical processing step to obtain meaningful RSD profiles is the correction of attenuation that, at 200 

the MRR frequency, can be important. The attenuation correction method used, which is based on 201 

the Hitschfeld and Bordan (1954) algorithm, is applied until path integrated attenuation (PIA) does 202 

not exceed 10 dB because for higher attenuation, possible miscalibration can produce unreliable 203 

corrections (Peters et al., 2010). In fact, attenuation is estimated recursively using RSD estimates to 204 

obtain, using extinction cross-sections for each diameter bin, specific attenuation at each gate. 205 

Therefore incorrect RSD estimation leads to incorrect specific attenuation estimation that can 206 

propagate along height in the PIA. This aspect suggests that in the case of intense precipitation, 207 

MRR estimates become less reliable at increasing height.  208 
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2.4 MRR new processing 209 

We propose an improvement over the MRR standard processing focused on intense rainfall. The 210 

MRR raw spectra (“Raw data”) are used as a starting point. The MRR new processing proposed in 211 

this study has five main steps. For each time interval we:  212 

1) estimate the noise level of each raw spectrum in the different range gate;  213 

2) unfold the spectrum affected by aliasing; 214 

3) compare the characteristic fall velocity of 2DVD (5) with the one obtained from the MRR 215 

spectra at 105 m above the ground level (9); 216 

4) estimate the RSDs at the different elevations; 217 

5) apply an attenuation correction algorithm. 218 

In the following each step of the proposed processing is described in detail.   219 

For the first step, we employed the noise estimation technique of Maahn and Kollias (2012), which 220 

aims at improving sensitivity of MRR in snow or light rain measurements. With respect to the MRR 221 

standard procedure, removal of isolated noise peaks is obtained, as shown in Figure 1, that 222 

compares reflectivity spectra of standard “Processed data” (a) with the corresponding spectra 223 

obtained having applied the Maahn and Kollias (2012) procedure (b). Note that a spectrum line 224 

around 1000-m height is missing in the “Processed data”. This comparison allows us to introduce 225 

further processing steps. In fact, Figure 1 also highlights the presence of spectrum aliasing. Aliasing 226 

occurs when velocity exceeds the Nyquist velocity boundaries of 0 and +12 m s−1. Actually, if the 227 

Doppler spectrum is generated by fall velocities in still air, it should be limited between 0 and 9.65 228 

m s-1. Figure 1 shows a truncation on the left part of the spectrum and non-null spectrum close to 229 

the right side due to the likely presence of downdraft. This is a clear indication of the presence of 230 

aliasing. 231 

 232 

The impact of aliasing has been investigated by Kneifel et al. (2011) and Maahn and Kollias (2012) 233 

for snow, for which the likely presence of negative velocities (e.g., -1 m s-1) resulting from updrafts 234 
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is wrongly interpreted as particles falling at high speed (i.e., 11 m s-1). In heavy precipitation a 235 

portion of the Doppler spectra can exceed the Nyquist velocity boundaries in the presence of 236 

downdrafts. Moreover, when Nyquist velocity boundaries are exceeded, the particle whose 237 

velocities exceed the upper boundary contributes to the spectrum in the closer range gate (Ince, 238 

2009). Starting from this statement, the approach followed in this study to reveal the presence of 239 

aliasing and to unfold the spectra entails consideration of three adjacent spectra increasing the 240 

velocity range from -12 ms-1 to 24 ms-1. This approach is similar to the one proposed by Maahn and 241 

Kollias (2012) and is applied to each time interval independently. Assuming that we are applying 242 

the dealiasing procedure to the spectrum of the j-th range gate, the triplicated spectrum, will be 243 

composed of the spectrum at the j-th height gate, the one measured at the lower (j−1)-th and the one 244 

at the upper (j+1)-th range gate (see Figure 2). Therefore this spectrum contains up to three peaks 245 

with different Doppler velocities. First we identified the peak of the spectrum at the j-th range gate 246 

(namely the one with fall velocities between 0 ms-1 and 12 ms-1). Then starting from this peak we 247 

search the upper and lower limits of the j-th spectrum. The lower (or upper) limit of the j-th 248 

spectrum is identified as the first bin between the peak of the j-th spectrum and the peak of the 249 

(j−1)-th (or (j+1)-th) spectrum with a value of spectral reflectivity lower than the noise level 250 

(estimated with the procedure mentioned above), or, if it does not exist, with the bin corresponding 251 

to the minimum values of the spectral reflectivity. Once the lower and upper limits of the spectrum 252 

have been defined all the bins outside the latter limits are masked.  253 

 254 

The presence of updraft or downdraft does not necessarily determine aliasing of spectra, but simply 255 

a shift that, jointly with the truncation, determines a wrong shape of the retrieved RSD that can 256 

have a different impact on the different RSD moments. In fact, one of the main assumptions used in 257 

the MRR standard processing to retrieve the RSD is the absence of vertical wind; under these 258 

condition the mean Doppler velocity is related only to the hydrometeor fall speed. In practice, 259 
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during convection or in the presence of up/down draft the mean Doppler velocity is composed of 260 

not only the hydrometeor fall speed but also the air velocity; therefore, the retrieved RSD can be 261 

biased. Peters et al. (2005) studied the effects of the vertical wind on the retrieved RSD and rainfall 262 

parameters and found that the relation between rain and reflectivity (both the equivalent reflectivity 263 

from (6) or the one estimated from (3)) is not changed significantly, even for rain rates close to 100 264 

mm h-1, but only for very low values of the vertical winds (i.e. in the range ±0.76 m s-1). For higher 265 

values, like those usually registered during convection, effects on the retrieved RSDs are expected 266 

to be more relevant.    267 

The approach proposed in this study for retrieving the RSD in the presence of vertical wind consists 268 

of considering the 2DVD as a reference and shifting the MRR spectral reflectivity until it has the 269 

same characteristic fall velocity computed from the 2DVD data. For each time interval (10 270 

seconds), the 2DVD characteristic fall velocity is computed with (5), while the MRR characteristic 271 

fall velocity, that is the first moment of the Doppler spectrum, is computed as 272 

 𝑣𝑐,𝑀𝑅𝑅 =  
∫ 𝜂𝑣(𝑣) 𝑣 𝑑𝑣

∫ 𝜂𝑣(𝑣) 𝑑𝑣
      (m s−1) (9) 

in the spectral reflectivity domain. The spectrum used in (9) is the one obtained after the dealiasing.  273 

It should be noted that 𝑣c,MRR is independent on attenuation and calibration, and should be equal to 274 

𝑣c,2DVD defined by (5). For each time interval, we directly compare the characteristic fall velocity of 275 

2DVD and the one of MRR at 105 m (third range gate). The latter has been computed with (9) 276 

using 10-sec spectrum obtained at 105 m after the application of noise level and aliasing correction 277 

explained above. In this comparison, we assume that the vertical change in RSD within the lowest 278 

100 m is negligible (between the third range gate of the MRR and the 2DVD), and that the vertical 279 

motions are near zero at the height of the 2DVD measurements (at ground). Therefore, the 280 

difference between the 2DVD measured characteristic fall velocity and the MRR characteristic fall 281 

velocity at 105 m can be ascribed to the presence of up/down draft. Assuming that the up/down 282 

draft does not vary significantly within the lowest 1 km AGL (the maximum MRR measurement 283 
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height; e.g. May and Rajopadhyaya 1999, Giangrande et al. 2013), we can use this difference to 284 

remove the up/down draft from the MRR velocity measurements at all the range gates. For a given 285 

time interval, the correction described above is applied only to MRR spectra for which the 286 

difference between the two characteristic velocities (namely those obtained from the 2DVD and the 287 

one obtained from the MRR spectrum at 105 m) exceed ± 0.2 m s-1 that corresponds to the 288 

resolution of MRR Doppler spectra. Once the MRR raw spectra have been corrected for noise level, 289 

for aliasing, and for the presence of vertical wind, the spectral reflectivity density with respect to 290 

drop diameter can be obtained by (7) and, finally, the RSD can be computed, normalizing the 291 

spectra by the single particle backscattering cross-section calculated under Mie theory. Finally, the 292 

technique for attenuation correction discussed in details in Peters et al. (2010) was applied. Spectra 293 

with path integrated attenuation greater than 10 dB, were discarded. Note that hereinafter the term 294 

NEW@105 means the RSDs and the corresponding parameters (such as the reflectivity factor) 295 

obtained at 105 m above the ground level after the application of the MRR new processing 296 

procedure proposed in this section. 297 

The steps of the MRR new processing and of the MRR standard processing are summarized in 298 

Figure 3 where differences and similarities between the two procedures are underlined.  As 299 

example, in Figure 2 shown are the effects of the new steps introduced in the processing of the 300 

MRR raw spectra, namely the dealiasing (in Figure 3 step 2 of the MRR new processing), and the 301 

correction for the presence of vertical wind (in Figure 3 step 3 of the MRR new processing). The 302 

solid black line reported in Figure 2 represents the corrected spectrum as resulted from the MRR 303 

new processing proposed in this study and it is the spectrum used to compute the RSD.   304 

3. Validation of MRR estimated RSD with 2DVD 305 

Following the procedure described in section 2.4, for each time interval, the RSD can be obtained  306 

for all height gates (from 35 m to 1085 m), from the MRR raw spectra and the corresponding 307 

integral rainfall parameters can be computed. After the application of the proposed MRR new 308 
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processing procedure the obtained spectra can be considered dealiased and unaffected by the 309 

presence of vertical wind. To validate the procedure of section 2.4, the reflectivity estimated from 310 

the MRR data at 105 m (third range gate) has been compared with the one obtained at the same 311 

time interval from the 2DVD data. To perform a meaningful comparison, it should be taken into 312 

account that the 2DVD have a much smaller sampling volume than the MRR (5 orders of 313 

magnitude of difference) and that there is a time shift due to the raindrop fall velocity between 314 

measurements at 105-m height and at ground. To reduce possible time mismatching, measurements 315 

are compared by considering t = 1 minute and, therefore, MRR “Averaged data” are used. It 316 

should be noted that reflectivity factors compared in this section are D6-based and computed using 317 

(3) considering the RSDs measured by 2DVD or estimated by MRR. The statistical estimators used 318 

to quantify the goodness of the comparison are the normalized standard error (NSE) 319 

 
𝑁𝑆𝐸 =  

√(𝑥 − 𝑦)2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

𝑥̅
 

(10) 

Normalized bias (NB)  320 

 𝑁𝐵 =  
∑ 𝑦

∑ 𝑥
− 1 (11) 

and correlation coefficient (cc) 321 

 𝑐𝑐 =  
(𝑥 ∙ 𝑦)̅̅ ̅̅ ̅̅ ̅̅ ̅ − (𝑥̅  ∙  𝑦̅ )

𝑠𝑡𝑑(𝑥) ∙ 𝑠𝑡𝑑(𝑦)
 (12) 

where x and y are the dependent and independent variables, respectively.   322 

 323 

Table 2 shows the values of those estimators where x is the reflectivity factor computed from the 324 

2DVD data and y is i) the reflectivity at 105 m provided by the MRR standard processing in the 325 

“Average data” file, referred to as AVE@105, (fourth, fifth, and sixth columns), or ii) the 326 

reflectivity factor at 105 m obtained from the RSD estimated applying the MRR new processing 327 

described in section 2.4 to the MRR raw spectra, referred to as NEW@105 (seventh, eighth, and 328 
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ninth columns). Note that the reflectivities in (10), (11), and (12) are in linear scale. A negative 329 

value of NB means underestimation of MRR with respect to the reference measurements of the 330 

2DVD, while higher NSE values mean a higher discrepancy between the MRR and 2DVD 331 

measurements. The values of NSE, NB, and correlation coefficient obtained after the application of 332 

the proposed processing are in general better than the ones obtained comparing the 2DVD with the 333 

“Averaged data” (AVE@105). This trend is verified for all the cases considered from the HyMeX 334 

SOP 1 campaign shown in Table 1. Note that only in one case (1031) the improvement of the NSE 335 

is not obtained, although a considerable decrease of NB is reached. Normalized bias that ranged 336 

between -6.5 dB and -2.1 dB for the AVE@105, with the processing procedure exposed in section 337 

2.4 varies between -1.7 dB and 0.9 dB, thus reducing the underestimation of reflectivity. Notably, a 338 

reduction of NB of more than 5 dB is achieved for the case of October 15, a convective event. 339 

Having assumed the 2DVD as a reference, the latter results indicate that the proposed processing 340 

improves the retrieval of the RSD and reflectivity from the MRR raw spectra. The scatterplot of 341 

Figure 4 compares the reflectivity of 2DVD with the reflectivity derived by the MRR standard 342 

processing for 1 minute resolution at the third range gate (AVE@105) and with the reflectivity of 343 

MRR at 105 m using the proposed MRR new processing (NEW@105). The proposed processing 344 

allows a better agreement with the 2DVD, as shown by reflectivity factor estimates more clustered 345 

along the identity line for all the range of values. Note that in order to analyze the latter results in 346 

relation with the type of rainy event in Table 2 (second and third columns) the percentages of 1-min 347 

RSDs classified as convective and stratiform rain, respectively, are provided. To classify the 348 

minutes of the rain event (stratiform, convective or transition) we applied the Stratiform/Convective 349 

(C/S) algorithm proposed by Bringi et al. (2009) to the 2DVD data. The latter algorithm employs 350 

two RSD parameters: Nw, namely the intercept parameter of a normalized gamma RSD, and Do, 351 

namely the median value of the volumetric size spectra. 352 

 353 



 

 

15 

Spectra measured by 2DVD and MRR at 105 m are compared in Figure 5. The 2DVD spectra were 354 

obtained by stratifying the selected drops (see section 2.2) into 50 bins with constant width (ΔD = 355 

0.2 mm) from 0 mm to 10 mm.  For each rain event, all the RSDs measured by the 2DVD were 356 

averaged (solid black lines) and compared with the event RSD computed averaging the RSDs at 357 

105 m provided by the MRR standard processing, namely AVE@105, (dashed grey lines in Figure 358 

5) and with the event-averaged RSD estimated using the MRR new processing procedure, namely 359 

NEW@105, (solid grey lines in Figure 5). It should be noted that some RSDs reported in the 360 

“Averaged data” files have unrealistic values. In order to obtain a feasible averaged RSD, the 361 

spectra with values higher than 1010 mm-1 m-3 were eliminated and not consider for further analysis. 362 

The event-averaged RSDs shown in Figure 5 can be analyzed over three different diameter ranges: 363 

small drops (D < 1 mm), midsize drops (1 mm < D < 4 mm), and large drops (D > 4 mm). The 364 

RSDs obtained through the new processing are in better agreement with the 2DVD, in particular for 365 

the midsize raindrops. Relative to the 2DVD, the dealiasing technique employed on MRR 366 

measurements still produces an overestimation of the number of small drops and underestimation of 367 

the number of large drops. It must be remembered that the MRR can detect drops in the range 0.246 368 

mm ≤ D ≤ 5.8 mm, while the 2DVD theoretically can detect drops up to 10 mm in diameter. 369 

However, the very large drops (D > 5 mm) occur quite rarely. Furthermore, due to instrument 370 

resolution, the 2DVD may underestimate the small drops with D < 0.5 mm (Tokay et al. 2013) and 371 

therefore the discrepancy for such diameters can be ascribed also to the 2DVD and not only to the 372 

MRR. 373 

4. Vertical profiles of RSD parameters 374 

In this section vertical profiles of rainfall parameters and RSD obtained applying the processing 375 

procedure presented in section 2.4 from the MRR raw spectra are shown for significant events 376 

among the eight listed in Table 1. In case of intense precipitation, 24-GHz attenuation can play a 377 

role in degrading the performance of MRR retrieval as suggested by Tokay et al. (2009). The 378 



 

 

16 

attenuation correction technique described in Peters et al. (2010) can fail because of effects like 379 

wrong calibration of MRR. Therefore some conclusions of this section are drawn in a qualitative 380 

way. All the profiles are below the bottom of the melting layer for all the considered events. Most 381 

of the studies on MRR vertical profiles available in the literature focus on more extended elevation 382 

range, in particular those aiming at identifying phases of precipitation through the detection of 383 

signatures of melting layer. As far as profile below the melting layer is concerned, it is typically 384 

modelled as nearly constant also in convective rain (e.g. Kirstetter et al. 2013, and Le and 385 

Chandrasekar 2014). Figure 6a,c show two examples of time series of reflectivity vertical profiles 386 

obtained through the MRR new processing. Figure 6a shows the vertical profile of the reflectivity 387 

factor during a convective rain event occurred on 15 October 2012. A quite high vertical variability 388 

of the radar reflectivity derived by the MRR data can be noted between 1800 and 1816 UTC along 389 

with high values of Z (up to 55 dBz) near the ground level. After 1816 UTC, the reflectivity 390 

obtained from MRR is lower and more constant with height, suggesting a stratiform phase, although 391 

it is not possible to identify the signature of the bright band because it is located higher than the 392 

maximum height of MRR. However, a deeper discussion of this event will be presented later. 393 

Finally, Figure 6c shows the vertical profile of reflectivity during more than four of the eight hours 394 

of continuous stratiform rain measured by MRR during a long-lasting rain event (916 minutes) that 395 

occurred on 31 October 2012. The values of Z appears to be almost constant with the height and 396 

range between 20 dBz and 40 dBz. Figure 6b,d show the time series of the reflectivity factor i) 397 

obtained from the 2DVD data, ii) estimated at the reliable gate closest to the ground level, 105 m, 398 

namely NEW@105, and iii) provided by Metek in the “Averaged data” files, namely AVE@105. 399 

The reflectivity factor at 105 m obtained through the MRR new processing is in better agreement 400 

with the one computed from the RSDs collected by 2DVD respect to the reflectivity factor provided 401 

by the MRR standard processing. The improvement of the MRR new processing in terms of Z is 402 

more evident for the convective event (Figure 6b) than for the stratiform one (Figure 6d).  403 
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The most interesting convective event (and, consequently most challenging for our analysis) among 404 

those observed during HyMeX SOP 1 was that occurred in Rome on 15 October 2012, when a 405 

frontal system moved rapidly toward Italy, causing moist air advection over the Tyrrhenian Sea and 406 

a consequent convection. Along with the vertical profile of the reflectivity, the vertical profiles of 407 

rain microstructures, such as drop size distribution and D0 (mm) computed using (4), during the 408 

convective and the stratiform phase of the event are reported and discussed. Focus on Z and D0 is 409 

because they are frequently used in the literature to classify the two precipitation regimes from 410 

disdrometers and dual-polarization radar observations (e.g. Maki et al., 2001, Rosenfeld and 411 

Ulbrich, 2003, Bringi et al., 2009). On 15 October 2012, 189 rainy minutes were recorded by both 412 

devices, and applying the Bringi et al. (2009) C/S algorithm to the 2DVD data, we obtained 26 413 

minutes of convective rain and 160 minutes of stratiform rain, while three minutes were classified 414 

in the transition region between the two regimes (see Table 2). Figure 7 shows the vertical profiles 415 

of Z for the stratiform (a) and convective (b) phases of the rain event from 105 m (third range gates) 416 

to 1085 m. While in Figure 8 are reported the vertical profiles of D0 in the two different rain 417 

regimes, namely stratiform (a) and convective (b). Note that only the complete profile are 418 

considered in the box plots of Figure 7 and Figure 8 . From the radiosondes data of Pratica di Mare 419 

(30 km south of instrumented site) we know that the height of the 0° isothermal was at 2810 m ASL 420 

at 1200 UTC and therefore, the MRR is not able to reveal the bright band signature. During 421 

convection, large drops are more frequent, and therefore the values of Z and D0 are expected to be 422 

higher than the ones measured during stratiform rain: the median value of Z at 105 m is 25.5 dBz 423 

for stratiform rain and 46.4 dBz for convective rain, while the median values of the mean drop 424 

diameter are 0.98 mm and 2.07 mm, respectively. Figure 7a shows that the mean reflectivity profile 425 

during the stratiform phase of the event is almost constant with height. Approximating vertical 426 

profiles with lines, the median slope is -1.4 dB km-1 (25th and 75th percentiles are -6.8 and 3.7 dB 427 

km-1), almost independently on the reflectivity at 105 meters. During the convective phase of the 428 

event, the reflectivity monotonically decreases (from 46.4 dBz to 30.9 dBz) with height, presenting 429 
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higher vertical gradient that appears to depend on the reflectivity (Figure 7b). For profiles with 430 

reflectivity at 105-m height between 35 and 45 dBZ, median slope is -9.0 dB km-1, while for the 431 

interval between 45 and 55 dBZ, median slope is -23.8 dB km-1. Without a reference profile it is not 432 

easy to determine the specific influence of gradients in vertical wind or uncompensated attenuation. 433 

Figure 8a shows that during the stratiform rain the vertical profiles of D0 are almost constant within 434 

1 km of the AGL layer (i.e., the median values are 0.98 mm at 105 m and 0.84 mm at 1050 m), 435 

while during convection the mean drop diameter monotonically decreases with height up to 500 m 436 

AGL and then it is almost constant (Figure 8b). The median D0 of convective minutes is 2.07 mm at 437 

105 m AGL, 1.26 mm at 525 m AGL, and 1.25 mm at 1050 m AGL. The increase of D0 from about 438 

500 m AGL to the ground level means that the number of large drops increase with respect to the 439 

small drops: in other words, drops become larger in diameter. The latter behavior can be due to 440 

drop sorting and to the predominance of the coalescence process in this height range (Porcù et al., 441 

2012). However, there is a huge difference in the variability of D0 with height. In fact, supposing a 442 

linear D0 vertical gradient, we get an average value of -0.7 mm km-1 and -0.2 mm km-1 for 443 

convective and stratiform rain, respectively, associated to a residual error of 3.0 mm km-1 and 0.6 444 

mm km-1, respectively. In practice the high values of the residual error for the convective case, 445 

means that variability along the vertical can span the entire variability of D0, at least for 10-s 446 

spectra. However, attenuation correction can somehow contribute to this apparent effect. 447 

In order to compare average behavior of RSD for the different phases of the storm, Figure 9 shows 448 

the vertical profile of RSDs averaged over the 160 stratiform minutes (a) and over the 26 449 

convective minutes (b) of the rain event of 15 October 2012. The vertical RSD profiles presented 450 

different shapes during the convective and the stratiform phases. During the stratiform phase the 451 

RSDs did not change significantly with the height and there were fewer small and large drops than 452 

those recorded during the convective phase. Conversely, during the convective phase (Figure 9b), 453 

the RSD changes with height, in particular below 400-500 m AGL. Below this height, the number 454 

of midsize and large drops increased toward the ground level, perhaps largely due to coalescence 455 
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and drop sorting. Note also that D0 increased in this height range during convective rain (Figure 8b). 456 

Although the vertical 1-min RSD profiles appear to be noisier, the behavior identified for the 457 

stratiform and convective rain is still evident. 458 

 459 

5. Summary and conclusions 460 

Several experiments aiming at investigating raindrop size distribution at ground level and their 461 

variation with height deployed instruments like disdrometers and radar profilers close each other. 462 

Within experiments carried out in Italy in autumn 2012 in the framework of the HyMeX SOP 1 a 463 

2DVD video disdrometer and a micro rain radar were installed in the historic center of Rome. The 464 

MRR was configured to provide RSD estimates with a height resolution of 35 m within 1085 m 465 

above the ground. While 2DVD is considered to be an accurate instrument for measuring RSD at 466 

ground, the quality of MRR measurements in heavy rain or convection deserve more investigation. 467 

The dataset collect during the experiment in Italy, from which 8 rainy days were selected, includes 468 

a couple of days with maximum rain rates exceeding 100 mm h-1. A number of issues, such as the 469 

K-band frequency that suffers from attenuation even in moderate rain, the validity of assumption of 470 

still air adopted by the MRR standard processing, are sources of error that affect the vertical 471 

profiles of MRR retrieved RSD. Since RSD retrieval is based on converting Doppler spectra into 472 

drop size spectra via a well-known experimental relation valid in still air, vertical winds produce a 473 

shift in MRR measured Doppler spectra that translate into an error in the retrieved RSD that will 474 

result both shifted and with a different shape. MRR raw spectra have been analyzed in order to 475 

highlight impact of possible sources of error in RSD retrieval and to design an improved 476 

processing. Several improvements have been made to the MRR standard processing chain, owing to 477 

existing literature, such as the estimation of noise level and the correction of spectra aliasing and 478 

range-Doppler ambiguities. A novel step introduced in this paper focuses on the effect of vertical 479 

wind and consists in constraining the characteristic fall velocity of MRR at a reliable low height 480 
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gate (namely that at 105 meters) to that obtained from 2DVD measurements. Results show an 481 

important improvement, in terms of normalized bias, normalized standard error and correlation 482 

coefficient between the reflectivity computed from the 2DVD data and the one computed from 483 

MRR spectra at 105 m AGL. In particular, comparing the NSE obtained from the MRR standard 484 

procedure (namely AVE@105) and the proposed MRR new processing (namely NEW@105), a 485 

decrease between 5% and 50%, depending on the event, is obtained. Even a higher reduction is 486 

obtained for the NB, while the correlation coefficients increase. Such results show on one hand that 487 

the suggested procedure improves the robustness of RSD estimate obtained at 105 m by the MRR, 488 

and on the other, that vertical winds are a major source of error in rain. The MRR new processing 489 

allows to correct all the spectra of the precipitation column within the maximum range of MRR 490 

assuming that vertical wind is constant within 1 km AGL, although such assumption can be 491 

questionable in convection. The proposed processing procedure would aim to consider as more 492 

reliable the spectra estimated by MRR at different heights in all rain condition, allowing to 493 

investigate the microstructure of rain both in stratiform and convective conditions. For one of the 494 

convective events investigated in this study, statistics of vertical profiles of reflectivity, drop size 495 

distribution and volume median diameter were shown after partitioning minutes of precipitation in 496 

stratiform and convective. However, a validation of profile retrievals would require some reference 497 

profiling instruments that were not available during HyMeX SOP1. Therefore, being not possible to 498 

compare the vertical profile of MRR derived RSDs or relative moments to those obtained by a 499 

different instrument, only qualitative conclusions can be drafted. Different shapes of RSD profiles 500 

were found depending on the type of precipitation (stratiform/convective). Such differences were 501 

highlighted also by the trends with height of reflectivity or D0 that show different behavior 502 

depending on the stratiform/convective classification. Supposing that vertical profiles can be 503 

linearly approximated, the slope of reflectivity profile shows a certain dependence on Z at the 504 

reference height (105 meter) in convection, namely increasing (in absolute value) as reference 505 

reflectivity increases. It is not easy to determine the contribution to this behavior to precipitation 506 
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physics or to artifacts of the retrieval technique, particularly, effects of vertical wind and attenuation 507 

correction. More sensitive to stratiform/convective classification appears to be D0 that exhibits in 508 

convection an extremely high variability with height that suggest a scarce accuracy of MRR 509 

technique to retrieve such parameter in convection at maximum time resolution (10 sec). As 510 

mentioned above, further investigation of the impact of wind velocities varying with height would 511 

require reference profiling instruments. 512 
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 617 

Table Captions  618 

Table 1: Summary of 2DVD and MRR recordings during HyMeX SOP 1 in Rome. 619 

Table 2: Values of normalized standard error (NSE; dimensionless), normalized bias (NB; 620 

dimensionless and in dB in brackets), and correlation coefficient (cc; dimensionless) between i) the 621 

reflectivity factor computed from the data recorded by the 2DVD and that provided by the MRR 622 

standard processing (“Averaged data”) at 105 m (AVE@105), and ii) the reflectivity factor 623 

computed from the data recorded by the 2DVD and the reflectivity computed from the RSD at 105 624 

m obtained after the application of the new processing of the MRR raw spectra (NEW@105) (see 625 

section 2.4). 626 

  627 
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 628 

Figure Captions  629 

Figure 1: Reflectivity spectra provided by Metek in “Processed data” file on 15 October 2012 at 630 

18:01:27 UTC (a) and reflectivity spectra obtained applying the noise removal procedure proposed 631 

by Maahn and Kollias (2012) to the raw spectra (b). 632 

Figure 2: Example of the effects of the dealiasing and the correction for the presence of the vertical 633 

wind. The spectrum at 105 m at 17:58:57 UTC of 12 October 2012 is plotted with solid grey lines 634 

and circles and represents the j-th to be corrected. For the dealiasing procedure the (j-1)-th (namely 635 

at 70 m) and (j+1)-th (namely at 140 m) are considered (solid grey lines) and as result of this step, 636 

the dealiased spectrum is obtained and plotted with dashed black line. Finally, the solid black line is 637 

the dealiased spectra after the shift due to the presence of the vertical wind. The solid horizontal 638 

lines represent the Nyquist velocity boundaries (0 and +12 ms-1), namely the limits of the jth 639 

spectrum, while the dashed horizontal lines are the velocity range for the RSD retrieval, namely v = 640 

0.76 ms-1 and v = 9.36 ms-1.  641 

Figure 3: Flowchart of the processing steps involved in the MRR standard processing (on the left) 642 

and the MRR new processing (on the right). 643 

Figure 4: Scatterplot comparing reflectivity factor from 2DVD spectra with i) reflectivity factor of 644 

MRR standard product at 105 m, namely AVE@105, (grey dots), and ii) reflectivity factor of MRR 645 

using the processing approach proposed in this study, namely NEW@105, (black dots). 646 

Figure 5: Averaged RSD obtained from 2DVD data (black solid lines), MRR “Averaged data” at 647 

105 m, namely AVE@105, (dashed grey lines), and MRR raw spectra reprocessed following the 648 

new procedure proposed in section 2.4, namely NEW@105, (solid gray lines) for the eight rain 649 

events of Table 1. 650 
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Figure 6: On the left panels, vertical profiles of Z obtained through the MRR new processing. On 651 

the right panels, time series of the reflectivity: black solid lines are for the 2DVD, grey solid lines 652 

represent Z computed from the RSDs obtained at 105 m through the MRR new processing 653 

described in 2.4, and finally grey dashed lines are Z at 105 m provided by Metek in the “Averaged 654 

data” files.  (a, b) 1745-1900 UTC of 15 October 2012, (c ,d) 1300-1730 UTC of 31 October 2012. 655 

In the colorbar the white color represents no data. Note the different time scales used for the two 656 

events. 657 

Figure 7: Box plot of Z at the different heights on 15 October 2012 during stratiform rain (a), and 658 

convective rain (b). Note that Z was computed from the RSDs obtained through the application of 659 

the MRR new processing presented in section 2.4. The solid vertical lines are the mean values of 660 

vertical profile of Z.  661 

Figure 8: As Figure 7 but for D0. 662 

Figure 9: Vertical profile of RSD averaged over the stratiform minutes (a) and convective minutes 663 

(b) of 15 October 2012.  664 
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Tables 665 

 666 

Table 1: Summary of 2DVD and MRR recordings during HyMeX SOP 1 in Rome. 

 667 

 668 

 669 
 670 
 671 

 672 

  673 

Day 

Rainy 

Minutes Rcum_2DVD Rcum_AVE@105 

max 

(R2DVD) 

max 

(RAVE@105) Dmax 

% of 

filtered 

drops 

0913 313 19.56 9.18 49.99 23.3 6.21 13.2 

0914 401 11.10 6.96 11.15 6.96 5.35 9.5 

0930 435 16.02 10.05 88.18 98.02 6.15 13.3 

1012 252 37.98 17.49 154.23 50.35 7.79 18.4 

1015 189 25.33 14.82 114.34 110.33 7.49 19.5 

1026 245 14.85 10.77 39.23 33.06 5.02 15.6 

1031 916 37.64 28.05 56.89 43.31 6.18 15.6 

1111 331 11.11 8.95 35.09 52.11 6.69 13.2 
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Table 2: Values of normalized standard error (NSE; dimensionless), normalized bias (NB; 

dimensionless and in dB in brackets), and correlation coefficient (cc; dimensionless) between i) the 

reflectivity factor computed from the data recorded by the 2DVD and that provided by the MRR 

standard processing (“Averaged data”) at 105 m (AVE@105), and ii) the reflectivity factor 

computed from the data recorded by the 2DVD and the reflectivity computed from the RSD at 105 

m obtained after the application of the new processing of the MRR raw spectra (NEW@105) (see 

section 2.4). For each day, second and third columns reports results percentage of minutes classified 

as convective and stratiform, respectively.  

 674 

 675 

 676 

 677 

 678 

  679 

 C/S classification Z2DVD vs ZAVE@105m Z2DVD vs ZNEW@105m 

Day 

% of convective 

minutes 

% of stratiform 

minutes NSE  

NB 

(NB [dB]) cc  NSE   

NB  

(NB [dB]) cc  

0913 9 89 2.35 -0.57(-3.70) 0.867 0.72 -0.05(-0.21) 0.977 

0914 0 98 1.05 -0.39(-2.12) 0.901 0.60 0.17(0.70) 0.958 

0930 6 90 3.95 -0.57(-3.67) 0.630 1.19 -0.06(-0.26) 0.974 

1012 22 74 3.53 -0.73(-5.68) 0.643 2.52 -0.32(-1.71) 0.845 

1015 13 86 2.71 -0.78(-6.59) 0.829 2.13 -0.17(-0.81) 0.810 

1026 3 93 1.70 -0.50(-3.06) 0.422 0.57 -0.04(-0.16) 0.946 

1031 2 96 4.00 -0.47(-2.78) 0.475 4.56 0.23(0.90) 0.656 

1111 7 92 2.59 -0.49(-2.98) 0.633 0.81 0.04(0.17) 0.965 
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Figures 680 

 681 

 682 

 683 

Figure 1: Reflectivity spectra provided by Metek in “Processed data” file on 15 October 2012 at 

18:01:27 UTC (a) and reflectivity spectra obtained applying the noise removal procedure proposed 

by Maahn and Kollias (2012) to the raw spectra (b). 
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Figure 2: Example of the effects of the dealiasing and the correction for the presence of the vertical 

wind. The spectrum at 105 m at 17:58:57 UTC of 12 October 2012 is plotted with solid grey lines 

and circles and represents the j-th to be corrected. For the dealiasing procedure the (j-1)-th (namely 

at 70 m) and (j+1)-th (namely at 140 m) are considered (solid grey lines) and as result of this step, 

the dealiased spectrum is obtained and plotted with dashed black line. Finally, the solid black line is 

the dealiased spectra after the shift due to the presence of the vertical wind. The solid horizontal 

lines represent the Nyquist velocity boundaries (0 and +12 ms-1), namely the limits of the jth 

spectrum, while the dashed horizontal lines are the velocity range for the RSD retrieval, namely v = 

0.76 ms-1 and v = 9.36 ms-1.  

  685 



 

 

33 

 

Figure 3: Flowchart of the processing steps involved in the MRR standard processing (on the left) 

and the MRR new processing (on the right). 
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   687 

Figure 4: Scatterplot comparing reflectivity factor from 2DVD spectra with i) reflectivity factor of 

MRR standard product at 105 m, namely AVE@105, (grey dots), and ii) reflectivity factor of MRR 

using the processing approach proposed in this study, namely NEW@105, (black dots).  
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   688 
 689 

Figure 5: Averaged RSD obtained from 2DVD data (black solid lines), MRR “Averaged data” at 

105 m, namely AVE@105, (dashed grey lines), and MRR raw spectra reprocessed following the 

new procedure proposed in section 2.4, namely NEW@105, (solid gray lines) for the eight rain 

events of Table 1. The black dashed lines represent at D = 1 mm and D = 4 mm help the 

classification of the spectrum (namely small drops for D < 1 mm, midsize drops for 1 mm < D < 4 

mm, and large drops for D > 4 mm). 
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Figure 6: On the left panels, vertical profiles of Z obtained through the MRR new processing. On 

the right panels, time series of the reflectivity: black solid lines are for the 2DVD, grey solid lines 

represent Z computed from the RSDs obtained at 105 m through the MRR new processing 

described in 2.4, and finally grey dashed lines are Z at 105 m provided by Metek in the “Averaged 

data” files.  (a, b) 1745-1900 UTC of 15 October 2012, (c ,d) 1300-1730 UTC of 31 October 2012. 

In the colorbar the white color represents no data. Note the different time scales used for the two 

events.  
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Figure 7: Box plot of Z at the different heights on 15 October 2012 during stratiform rain (a), and 

convective rain (b). Note that Z was computed from the RSDs obtained through the application of 

the MRR new processing presented in section 2.4. The solid vertical lines are the mean values of 

vertical profile of Z.  
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Figure 8: As Figure 7 but for D0. 
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 692 

Figure 9: Vertical profile of RSD averaged over the stratiform minutes (a) and convective minutes 

(b) of 15 October 2012.  
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