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Abstract. The dendritic growth layer (DGL), defined as the temperature region between –20 and –10 ° C, plays an important

role for ice depositional growth, aggregation, and potentially secondary ice processes. The DGL has been found in the past

to exhibit specific observational signatures in polarimetric and vertically pointing radar observations. However, consistent

conclusions about their physical interpretation have often not been reached.

In this study, we exploit a unique three months dataset of mid-latitude winter clouds observed with vertically pointing triple-5

frequency (X-, Ka-, W-Band) and polarimetric W-Band Doppler radars. In addition to standard radar moments, we also analyse

the multi-wavelength and polarimetric Doppler spectra. New variables, such as the maximum of the spectral ZDR (sZDRmax),

allows us to analyse the ZDR signal of asymmetric ice particles independent of the presence of low-ZDR producing aggregates.

This unique dataset enables us to investigate correlations between enhanced aggregation and evolution of small ice particles

in the DGL. For this, the multi-frequency observations are used to classify all profiles according to their maximum average10

aggregate size within the DGL. The strong correlation between aggregate class and KDP confirms the expected link between

ice particle concentration and aggregation. Interestingly, no correlation between aggregation class and sZDRmax is visible. This

indicates that aggregation is rather independent of the aspect ratio and density of ice crystals. A distinct reduction of mean

Doppler velocity in the DGL is found to be strongest for cases with largest aggregate sizes. Analyses of spectral edge velocities

suggest that the reduction is the combined result of the formation of new ice particles with low fall velocity and a weak updraft.15

It appears most likely that this updraft is the result of latent heat released by enhanced depositional growth. Clearly, the strongest

correlations of aggregate class with other variables are found inside the DGL. Surprisingly, no correlation between aggregate

class and concentration or aspect ratio of particles falling from above into the DGL could be found. Only a weak correlation

between the mean particle size falling into the DGL and maximum aggregate size within the DGL is apparent. In addition to

the correlation analysis, the dataset also allows to study the evolution of radar variables as a function of temperature. We find20

the ice particle concentration continuously increasing from –18 ° C towards the bottom of the DGL. Aggregation increases

more rapidly from –15 ° C towards warmer temperatures. Surprisingly, KDP and sZDRmax are not reduced by the intensifying

aggregation below –15 ° C but rather reach their maximum values in the lower half of the DGL. Also below the DGL, KDP
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and sZDRmax remain enhanced until –4 ° C. Only there, additional aggregation appears to deplete ice crystals and therefore

reduce KDP and sZDRmax.25

The simultaneous increase of aggregation and particle concentration inside the DGL necessitates a source mechanism for

new ice crystals. As primary ice nucleation is expected to decrease towards warmer temperatures, secondary ice processes

are a likely explanation for the increase in ice particle concentration. Previous laboratory experiments strongly point towards

ice collisional fragmentation as a possible mechanism for new particle generation. The presence of an updraft in the tem-

perature region of maximum depositional growth might also suggest an important positive feedback mechanism between ice30

microphysics and dynamics which might further enhance ice particle growth in the DGL.

1 Introduction

Recent space-borne analyses underline once more the importance of understanding ice growth processes in clouds as more

then 70% of global precipitation is found to be generated via the ice phase (Heymsfield et al., 2020; Field and Heymsfield,

2015; Mülmenstädt et al., 2015). The Dendritic Growth Layer (DGL), usually located between –20 and –10 ° C, is known to35

play an important role for the growth and evolution of ice and snow in clouds. The reasons for its importance are manifold:

The difference in saturation vapour pressure between ice and liquid reaches a maximum at –12 ° C which favours depositional

growth by the Wegener-Bergeron-Findeisen (WBF) process (Korolev, 2007). In addition, the particular plate-like shapes that

particles grow into in the DGL lead to a distinct maximum in the depositional growth rate at –15 ° C, where dendritic particles

can exceed 1.5 mm in size within 10 minutes growth time at liquid water saturation (Takahashi, 2014). The fragile structure40

of those particles has also been found by airborne in-situ observations (Schwarzenboeck et al., 2009; Hobbs and Rangno,

1998, 1990, 1985) and laboratory experiments (Takahashi et al., 1995; Griggs and Choularton, 1986; Vardiman, 1978) to favour

collisional breakup. This secondary ice process (SIP) gains increasing attention by the scientific community (e.g., Georgakaki

et al., 2022; Phillips et al., 2018) as an important process which could explain the discrepancy between number of ice nucleating

particles (INP) and ice particle number concentration (IPNC) (Kanji et al., 2017). Unlike for example the Hallett-Mossop rime45

splintering process (Field et al., 2017; Hallett and Mossop, 1974), ice collisional fragmentation could provide new secondary

ice particles over a wide temperature range. Finally, ice particles which are multiplied in number by SIP and grow rapidly in

the DGL have been found to also aggregate very efficiently in the DGL (Lamb and Verlinde, 2011). Especially the branched

structure of dendrites appears to be responsible for enhancing the stickiness of the crystals and thus favouring the formation

of aggregates (Connolly et al., 2012). The various ice growth signatures in the DGL which can be observed for example with50

radars could be linked to the intensity of surface precipitation (Trömel et al., 2019, and references therein). This highlights

again the importance to properly understand the interplay of microphysical processes in the DGL in order to accurately model

surface precipitation.

Dual-polarization radar observations are a powerful tool to observe the result of several of the aforementioned growth pro-

cesses in the DGL. The abundance of plate-like particles in the DGL leads to vertically distinct layers of enhanced differential55

reflectivity (ZDR) and propagational differential phase shift (KDP) close to the –15 ° C region (Griffin et al., 2018; Schrom
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and Kumjian, 2016; Schrom et al., 2015; Moisseev et al., 2015; Thompson et al., 2014; Bechini et al., 2013; Andrić et al.,

2013; Kennedy and Rutledge, 2011; Trapp et al., 2001, among others). Interestingly, the ZDR layer appears at slightly higher

altitudes as the KDP enhancement. ZDR is independent of the particle concentration but increases strongly with particle den-

sity and aspect ratio (Kumjian, 2013). However, the formation of aggregates leads to a decrease of ZDR despite the presence60

of asymmetric crystals which explains its layered structure. KDP is strongly related to particle concentration and, in contrast

to ZDR, is not re�ectivity-weighted, and thus not strongly in�uenced by the presence of large aggregates. While the general

connection of ZDR and KDP layers and intensive plate-like growth and subsequent aggregation is widely accepted, a de�nite

conclusion on the reasons for the distinct vertical structure has not yet been reached (e.g., Schrom and Kumjian, 2016; Schrom

et al., 2015; Moisseev et al., 2015).65

Polarimetric information from the DGL is mostly lacking in vertically pointing radar observations. Similar as slant measuring

radars, vertically pointing radars commonly observe a rapid increase in the radar re�ectivity factor (Ze, henceforth called

re�ectivity) in the DGL, in particular at –15 ° C (e.g., Schrom and Kumjian, 2016; Zawadzki, 2013). The Doppler spectra

collected with zenith-pointing radars revealed two distinct features in the DGL: First, the Doppler spectra often reveal an

additional slow secondary mode in the DGL. In case of low turbulence and weak vertical air motions, the Doppler velocities70

can be related to the particles' terminal fall velocity. Apparently, the second spectral mode indicates the formation of new ice

particles that often increase in fall speed and eventually merge with the main aggregate mode falling from higher altitudes.

Second, the mean Doppler velocity (MDV) often reveals a slight but temporally very persistent reduction in the DGL. Various

explanations for those features have been presented in the literature (see for example discussion presented in Schrom and

Kumjian (2016); Schrom et al. (2015)). Zawadzki (2013) argue that vertical air motion at –15 ° C is necessary to enhance75

supersaturation which enables the nucleation and subsequent growth of plate-like particles. Other authors assign the MDV

reduction simply to the evolution of a new secondary mode in the spectrum (e.g., Oue et al., 2018; Moisseev et al., 2015, 2009;

Shupe et al., 2004; Zawadzki et al., 2001; Field, 2000, and references therein). The explanations for the origin of a new, slow

ice particle mode include sedimentation of ice particles into the DGL from higher altitudes (Moisseev et al., 2015), enhanced

primary nucleation due to upward air motion (Zawadzki, 2013), as well as secondary ice particle formation (e.g., Kennedy80

and Rutledge, 2011). Also buoyancy-driven upward motion due to latent heat release of rapidly growing ice particles by water

vapour deposition has been discussed as a potential reason for the decrease of MDV (Schrom and Kumjian, 2016).

An increasing number of ground-based sites are equipped with polarimetric and multi-frequency cloud radars. The use of

higher frequencies does not only substantially increase the backscattered signal, especially of small ice particles scattering in the

Rayleigh regime, but it also reduces observational limitations in some polarimetric variables. KDP is the range derivative of the85

differential phase shift and generally affected by high measurement noise. As KDP is inversely proportional to the wavelength,

it can be more reliably estimated at shorter wavelength, also for small concentrations of asymmetric ice particles (Bringi et al.,

2001). Moreover, even particles whose re�ectivity values are below the radar detection level will cause some differential phase

shift. Hence, KDP is sensitive also to the presence of extremely small, asymmetric ice crystals such as those expected to be

produced by SIP. The elevation dependence of polarimetric cloud radar observations allows to infer shape, orientation, and90

apparent density of ice crytsals (e.g., Myagkov et al., 2015; Matrosov et al., 2012). In addition, most polarimetric cloud radars
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provide polarimetric Doppler spectra which allow to assign the polarimetric signatures to speci�c Doppler velocities. Most

previous studies used LDR spectra from vertically pointing radar observations to investigate the evolution of columnar and

needle particles between –10 and 0 ° C (e.g., Giangrande et al., 2016; Oue et al., 2015). Spectral ZDR from an S-Band radar

system has been used by Spek et al. (2008) to retrieve particle size distribution of aggregates and plates. P�tzenmaier et al.95

(2018) analysed spectral LDR from a zenith pointing Ka-Band and spectral ZDR from a slant-viewing S-Band radar to study

ice particle growth along fall streaks.

Aggregation in the DGL can be only indirectly detected by radar polarimetry as a reduction of for example ZDR and

concurrent increase of radar re�ectivity (Kumjian, 2013). In contrast, the increase in mean particle size can be well observed

as an increasing re�ectivity difference in multi-frequency cloud radar observations (e.g., Kneifel et al., 2011; Liao et al.,100

2008, 2005; Matrosov, 1992). Ice particles increasing in size begin to scatter less radiation back relative to particles that can

be still approximated by Rayleigh scattering (usually valid if particles size « wavelength). As this deviation happens �rst at the

shorter wavelength, the logarithmic re�ectivity difference (also called dual wavelength ratio, DWR) increases with the mean

size of the particle size distribution (PSD). Also DWR can be resolved spectrally, which allows to constrain particle scattering

models (Kneifel et al., 2016), to retrieve the particle size distribution (Mróz et al., 2021; Barrett et al., 2019), or to separate105

attenuation and differential scattering effects (e.g., Li and Moisseev, 2019; Tridon and Battaglia, 2015).

The majority of previous radar studies on the DGL focus their analysis on a number of case studies. A more statistical in-

vestigation is presented by Trömel et al. (2019), where X-Band radar observations of 52 stratiform precipitation cases obtained

close to Bonn, Germany, were analysed using quasi-vertical pro�les (QVP, Ryzhkov et al., 2016). They found a correlation of

KDP and Ze in the DGL and were able to link signatures in the DGL to surface precipitation. Similarly, in a statistical analysis110

of 27 days of C-Band observations close to the city of Turin, northern Italy, Bechini et al. (2013) linked enhanced KDP in the

DGL to an enhanced Ze at the surface. Schneebeli et al. (2013) analysed a dataset of polarimetric X-Band radar observations

of clouds ranging in temperature between -30 to 0 ° C collected in the Swiss Alps. Interestingly, they were unable to �nd a

distinct KDP maximum in the DGL but rather a continuous increase of KDP and Ze towards warmer temperatures related to a

general increase of the ice water content (IWC).115

Only a few studies attempted to combine different radar approaches for studying the DGL. Oue et al. (2018) used vertically

pointing and slant-viewing polarimetric cloud radars to study the DGL in Arctic clouds. By combining Doppler spectra of a

vertically pointing Ka-Band radar with slant polarimetric observations, they were able to assign the increasing ZDR signatures

in the DGL with the slow, secondary mode in the re�ectivity Doppler spectra. A similar correlation of spectral bi-modalities

and polarimetric signatures in the DGL have also been identi�ed in mid-latitude clouds (Moisseev et al., 2015).120

In this study, we present an in-depth analysis of vertically pointing triple-frequency (X-, Ka-, W-Band) Doppler spectra

combined with spectral polarimetric observations from a W-Band cloud radar operated at a �xed 30° elevation angle. To our

knowledge, such a combined multi-frequency analysis including spectral polarimetric observations obtained at W-Band with

a simultaneous transmit simultaneous receive (STSR) mode radar have not been presented so far. The 3-months dataset of

winter clouds observed at a mid-latitude European site close to Cologne, Germany, are described in Section 2.1. A combined125

view with the various radar observables on the DGL is illustrated for a case study in Section 3. The case study description
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provides an overview of typical radar signatures which have been observed in the DGL in previous studies as well as an

introduction to new observables based on spectral polarimetry and multi-frequency observations. In Section 4 a statistical

analysis is presented, which aims to connect polarimetric and spectral signatures dominated by newly generated ice crystals

to the maximum aggregate size reached in the DGL. The section also includes a spectral analysis aimed to disentangle the130

contributions of upward air motion and secondary ice particle mode on the MDV reduction observed in the DGL. In Section 5.1

we summarize the vertical evolution of the various radar variables with a special focus on the temperature level where changes

in the different variables are most pronounced. Pro�les from laboratory experiments are added to this conceptual picture to

allow an in-depth discussion of the most likely evolution of microphysical processes in the DGL. In Section 5.2 the role of

sedimenting particles from higher altitudes and especially cloud top temperature on the signatures in the DGL are shortly135

discussed. The main �ndings of our statistical analysis are summarized in Section 6.

2 Data and Methods

2.1 TRIPEx-pol campaign

The results presented in this study are based on a multi-month dataset obtained during the campaign “TRIple-frequency and

Polarimetric radar Experiment for improving process observation of winter precipitation” (TRIPEx-pol). The campaign took140

place from November 2018 until January 2019 at the Jülich ObservatorY for Cloud Evolution Core Facility (JOYCE-CF,

Löhnert et al. (2015), 50°5403100N, 6°2404900E; 111 m above mean sea level) located ca. 40 km west of Cologne, Germany.

Similar to a previous winter campaign (TRIPEx, Dias Neto et al., 2019), radar Doppler spectra and moments were continuously

collected from a combination of vertically pointing triple-frequency (X-, Ka-, and W-Band) radars. The main difference to the

earlier TRIPEx campaign is an extension of the observational capabilities by two additional radars: A new X-Band radar145

with better sensitivity and the possibility to record Doppler spectra as well as a scanning polarimetric Doppler W-Band radar

(Table 1). The vertically pointing and the scanning W-Band radars are both frequency modulated continuous wave (FMCW)

systems manufactured by Radiometer Physics GmbH (Myagkov et al., 2020; Küchler et al., 2017). The X- and Ka-Band

systems are pulsed radar systems manufactured by Metek GmbH (Mróz et al., 2021; Görsdorf et al., 2015). All four radar

systems were installed at the same roof platform within horizontal distances of less then 20 m. The resolution in range and time150

were adjusted to allow a very close radar volume matching (Table 1). The polarimetric W-Band radar was measuring at 30°

constant elevation (CEL) for intervals of 5 minutes towards West. In between the CEL measurements, the radar was performing

single range height indicator (RHI, from 30° to 150° elevation) and plan position indicator (PPI, at 85° elevation) scans intended

for wind pro�ling. Auxiliary instruments at JOYCE including rain gauges, microwave radiometers, and Doppler wind lidars

provide additional information about the atmospheric state and precipitation on the surface (for further details see Löhnert155

et al. (2015)). The combination of various remote sensing instruments also allows the continuous generation of Cloudnet

classi�cation and categorisation products (Illingworth et al., 2007). Besides in-situ and remote sensing observations, Cloudnet

products also incorporate thermodynamic and wind information for JOYCE-CF extracted from analysis �elds provided by the

European Centre for Medium-Range Weather Forecasts (ECMWF) Integrated Forecast System (IFS) model.

5



Table 1.Technical speci�cations of the four radars that were deployed during the TRIPEx-pol campaign. The W-Band and the W-Band pol

radar are FMCW radars, therefore the range resolution, Doppler velocity resolution and the Nyquist range vary for the different chirps. The

values in this table are valid for the lowest chirp region (W-Band: 215-1475 m, W-Band pol: 107-715 m). The full chirp tables for both

W-Band radars are provided in Appendix A.

Speci�cations X-Band Ka-Band W-Band W-Band pol

Frequency [GHz] 9.4 35.5 94.1 94.0

Polarimetry single-pol LDR LDR STSR

Number of spectral averages 10 20 13 28

Half-power beam width [°] 1.0 0.6 0.6 0.6

Range resolution [m] 36.0 36.0 36.0 35.8

Temporal resolution [s] 2 2 3 7

Sensitivity at 1 km [dBz], 2s integration time –50 –63 –58 –58

Maximum range [km] 12 15 16 16

Doppler velocity resolution [m s� 1 ] 0.038 0.04 0.04 0.05

Nyquvist range [m s� 1 ] � 78 � 20 � 10 � 6

2.2 Processing of the vertically pointing radar data160

The dataset from the three vertically pointing radars was processed in three levels. Level 0 contains the regridded and cleaned

Doppler spectra. Level 1 contains the radar moments calculated from the Level 0 dataset (Section 2.2.1). The level 2 processing

follows closely the method presented in Dias Neto et al. (2019). It includes corrections for radar speci�c calibration offsets as

well as gas, liquid, and ice attenuation (Sections 2.2.2 and 2.2.3). Key methods of the processing steps will be discussed in the

following subsections.165

2.2.1 Doppler spectra processing

Despite the similarity of the radar resolutions in space and time (see Table 1), the measured Doppler spectra of each radar

had to be regridded to a reference time-height grid. For the reference grid, we chose a temporal resolution of 4 s and a range

resolution of 36 m. The original data were matched to the reference grid using the method of nearest neighbours but only170

considering data points with a maximum displacement of� 17 m in range and� 2 s in time.

The center frequency of the vertically pointing W-Band radar had to be slightly changed from 94.00 GHz to 94.12 GHz in

order to avoid interference with the W-Band polarimetric radar. This change caused some spectral artefacts which are caused

by the spectral impurities of the used chirp generator. The level of impurities is considerably lower when the radar operates

at the default center frequency. Also some weak “side lobes” appeared in the X-Band Doppler spectra when stronger signals175

were present close to the ground.
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In order to identify the spectral region with “true” atmospheric signal, we selected the Ka-Band radar as reference. The

Ka-Band radar provides the highest sensitivity of all radars and its Doppler spectra showed no artefacts. Due to the different

heights of the lowest usable range gates of the radars, return signals below 400 m altitude were omitted. The Ka-Band Doppler

spectra were used to derive a spectral mask for each range gate and time step. For this, we �rst identi�ed the spectral edges180

by subtracting the noise �oor using the common method by Hildebrand and Sekhon (1974) and then locating the outermost

spectral bins which exceed the noise level by 3 dB. Our spectral mask is de�ned by the Doppler velocity bins identi�ed by

this method to contain real signal. This spectral mask was then applied to �lter the Doppler spectra of the other two vertically

pointing radars. This �ltering could unfortunately not remove all artefacts, as the W-Band artefacts did also sometimes overlap

with the Doppler spectrum from real atmospheric targets.185

From the regridded and �ltered Doppler spectra the common radar moments are derived including equivalent radar re�ectiv-

ity factor (Ze), mean Doppler velocity (MDV), spectrum width, and skewness. The Ka-Band spectra were also used to derive

the fast falling edge and slow falling edge of the Doppler velocity of each spectrum. Those spectral edge velocities were derived

in a similar way as the spectral mask. In case of strong atmospheric signals, spectral leakages might cause biases in the spectral

edge velocity estimate. We mitigate this effect by neglecting all spectral lines which are lower than 40 dBz with respect to the190

maximum spectral line. Examples of the derived spectral edge velocities are shown in Figure 3d where they are overlaid to the

original spectra.

2.2.2 Evaluation of radar re�ectivity calibration and antenna pointing

The re�ectivity calibration of all four radars was evaluated using the drop size distributions (DSDs) measured during rainfall

periods by the PARSIVEL optical disdrometer (Löf�er-Mang and Joss, 2000) which was installed at JOYCE-CF in close195

vicinity to the radars (Figure 1). The method is identical to the approach described in Dias Neto et al. (2019). The DSDs

are used to calculate the Ze distribution for each radar frequency and rainfall event. This distribution is then compared to the

measured Ze distribution at the lowest usable range gate (more details and discussion of uncertainties are provided in Dias Neto

et al., 2019). The offsets estimated with this method for the three radars are 0 dBz for the X-Band, an underestimation of 3 dBz

for Ka-Band, and an overestimation of 2 dBz for the W-Band. We applied the disdrometer-based method to 21 rainfall cases200

and found no systematic temporal drifts of the estimated offsets. The W-Band radar data obtained during the TRIPEx-pol

campaign has also been used in Myagkov et al. (2020) to evaluate different calibration methods including also disdrometer

based methods. Our estimated bias of 2 dBz lies within their estimated values of 0.5 to 2.1 dBz for the vertically pointing

W-Band radar. For the polarimetric W-Band radar they found an underestimation of 0.7� 0.7 dBz.

Accurate zenith pointing is crucial for the analysis of Doppler spectra and MDV in order to avoid velocity biases induced205

by horizontal wind. The absolute pointing of the Ka-Band radar has been evaluated using sun-tracking scans (e.g., Muth et al.,

2012). The pointing accuracy during the campaign was found to be better than� 0.1° in elevation and azimuth. For the

non-scanning X- and W-Band radar, the pointing could only be evaluated relative to the absolute calibrated Ka-Band radar.

Following the approach shown in Kneifel et al. (2016), the pointing of the X- and W-Band radars has been evaluated in relation

to the Ka-Band radar. For this, the difference in mean Doppler velocity (MDV) between X- and Ka-Band (Ka- and W-Band)210
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has been analysed in dependency of the horizontal wind speed and direction obtained from Cloudnet. The analysis of the MDV

differences obtained during TRIPEx-pol indicated that the misalignment between X- and Ka-Band as well as W- and Ka-Band

did not exceed 0.1°.

2.2.3 Attenuation correction and relative DWR calibration

At cloud radar frequencies, atmospheric gases and hydrometeors cause attenuation which generally increases with frequency.215

Similar to Dias Neto et al. (2019), we �rst corrected the Ze pro�les for the estimated attenuation by gases. The gas attenuation

pro�les were calculated with the Passive and Active Microwave TRAnsfer model (PAMTRA, Mech et al., 2020) which takes

into account contributions by nitrogen, oxygen and water vapour. Pro�les of temperature, humidity and pressure provided by

Cloudnet were used as input for PAMTRA. Estimating the vertical pro�le of attenuation by liquid and frozen hydrometeors

is challenging as accurate pro�les of hydrometeor mass content and size distributions are required. As pro�le information220

of liquid and ice are unavailable, we only estimate the total path integrated attenuation following the approach presented in

Dias Neto et al. (2019).

This method leverages on the fact that small ice particles can be assumed to be Rayleigh scatterers for which the radar

re�ectivity factor

Ze(� ) =
� 4

� 5jK � j2

Z
� � (D )N (D)dD (1)225

is independent of the wavelength� , if we assume a constant dielectric factorjK � j2 (e.g., Kneifel et al., 2015; Hogan et al.,

2000).� � (D ) is the backscattering cross section of a particle with maximum sizeD andN (D) is the particle size distribution.

The dual-wavelength ratio

DWR � 1 ;� 2 = Ze � 1 � Ze� 2 (2)

is the difference in re�ectivity in logarithmic units at two wavelengths� 1; � 2 (usually with� 1 > � 2). With the particle size230

getting closer to the wavelength, the backscattering cross section increases less than expected from the Rayleigh approximation

due to the destructive interference of electromagnetic waves scattered by various parts of the particle (see Figure C1a). This

deviation from the Rayleigh scattering behaviour starts �rst at the smallest wavelength. As a result, increasing DWRs can be

attributed to larger mean particle sizes in the radar volume. If the mean particle size becomes large enough, also the largest

wavelength would transition to the non-Rayleigh regime and the DWR will increase slower, eventually reaching a saturation235

point (Mason et al., 2019).

The total DWR measured under real conditions at a certain range can be written as the sum

DWR � 1 ;� 2 = DWR scat + DWR hard + DWR att : (3)

DWRscat is due to differential scattering of particles. Constant hardware related offset DWRhard might originate for example

from radar miscalibration or differential radome attenuation. Differential attenuation causes a propagational component DWRatt240

which accumulates with increasing range. The major contributions to total attenuation are due to rain, the melting layer, and
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supercooled liquid water. Ice and snow also contribute to W-Band attenuation but as shown by Tridon et al. (2020) an ice water

path larger then 1 kg m� 2 is needed to cause 1 dBz two-way attenuation.

As proposed originally by Hogan et al. (2000) and recently evaluated by Tridon et al. (2020), a re�ectivity threshold can

be used to identify cloud regions where DWRscat is negligible. The remaining DWR can then be attributed to the sum of245

DWRatt and DWRhard. The X-Band pro�les would be least affected by attenuation but the X-Band sensitivity is often too low

to capture Rayleigh regions at high altitudes. Therefore, we use Ze pro�les from the Ka-Band radar as our reference which

have been corrected for gas attenuation. Ka-Band re�ectivities between –30 dBz < ZeKa < –10 dBz and between –15 dBz

< ZeKa < 0 dBz are used for estimating the non-scattering DWR components for W-Ka and X-Ka, respectively. To exclude

partially melted particles, we additionally restricted the cloud regions used for the relative DWR calibration to be at least 1 km250

above the melting layer. Following the approach in Dias Neto et al. (2019) we also exclude pro�les where the number of valid

measurements within a 15 minute time window is less then 300. Further, regions for which the variance of the DWRs exceeds

2 dB2, or where the correlation between Zes from the reference radar (Ka) and one of the other radars (X, W) is less than

0.7 are discarded. The estimated relative DWR offset for a moving time window of 15 minutes is then applied to the entire

pro�le. As we expect the major contributions to the total attenuation from the rain part and the melting layer, this approach255

appears to be justi�ed for the ice part of the cloud. In case of additional attenuation in the ice part, for example due to layers

of supercooled liquid, our approach would cause an overestimation of the true attenuation and hence our processed DWRscat

values would underestimate the real DWRscatbelow the attenuation layer (even returning negative values). For convenience, in

the following we use the radar Bands (X, Ka, W) instead of the wavelengths as indices (e.g. DWRKaW). The DWR have also

been derived spectrally (sDWR) by calculating the difference of the logarithmic power in each Doppler spectral bin. Identical260

corrections and relative calibrations as used for the DWR are applied for sDWR.

2.3 Processing of the polarimetric radar data

The polarimetric W-Band radar observations were collected at constant 30° elevation and a �xed azimuth angle of 235° for 5

minute time periods. The azimuth direction is close to the main wind direction where most cloud systems have been advected

from during the campaign (south-west to north-west according to wind information from Cloudnet). In order to minimize265

time-lag differences related to different observation volumes of the slanted polarimetric radar and vertically pointed systems,

we average the all measurements over 5 minutes.

The polarimetric radar moments as well as the polarimetric Doppler spectra have been projected to the height above ground

and then regridded to the same observations. At a maximum range of the polarimetric radar of 16 km (see also Table 1), the

height above ground is 8 km and the maximum horizontal distance between the vertically pointing radar and the polarimetric270

radar iscos(30°) � 16 km = 13:86 km. In order to reduce the noise of the speci�c differential phase shift (KDP), we �rst

smoothed the differential phase shift� dp over 5 range gates (corresponding to 180 m) using a moving window mean and then

averaged it over 5 minutes before calculating KDP as half of the discrete range derivative of� dp :

KDP =
� � dp

2� � r
(4)
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