
1 
 

Answers to Reviewer 1 
 
The manuscript “Retrievals of ice microphysics using dual-wavelength polarimetric radar observations 
during stratiform precipitation events” is substantially improved from its previous version. However, 
the authors need to address the issue regarding the gamma distribution shape factor before the final 
publication. A major revision is recommended. 
 
Major comments: 
A major issue that remains unaddressed is the value of the shape factor of the gamma distribution μ used 
in this study, μ = 4. That is very high for aggregated snow – it is usually close to 0 (hence gamma μ PSD 
is practically reduced to exponential), as numerous previous studies suggest (Gunn and Marshal, 1958; 
Sekhon and Srivastava, 1970; Lo and Passarelli, 1982; Mitchell et al. 1990; Field and Heymsfield, 2003; 
Tiira et al. 2016; Matrosov and Heymsfield, 2017). The authors need to explain why there is such a large 
discrepancy in regarding previous studies. See the specific comment. 
 
Thank you for this comment. We acknowledge your point also justified by literature and we have now 
changed μ = 4 to μ = 0 in our pre-defined PSD. Some preliminary results show significant differences 
in the retrieved 𝐷  between the two shape parameter values of PSD. In the following figures, the 
retrieved 𝐷  is larger when the PSD shape parameter is assumed 4 (left figure) instead of 0 (right figure). 
In both figures, the ice hydrometeors are assumed to be represented by oblate spheroids and the 
aggregates m(D ) relationship from Yang et al. (2000) is used. 
 

        

 
Specific comments: 
Line 31: Comma is missing after the “incoming solar radiation”.  
 
Thank you for pointing this out. A comma is now added after the “incoming solar radiation” phrase. 
 
Line 70-71: Reflectivity factor Z is close to the 4th PSD moment in low-density snow, where the snow 
density is inversely proportional to particle diameter; it is proportional to the 6th DSD/PSD moment in 
rain. The authors should briefly comment on this.  
 
Thank you for this comment. We have now added a sentence clarifying that the described definition of 
reflectivity factor Z refers to melted ice particles. 
 
Lines 274-275: There is a typo in the sentence: “...exceeds the noise ZDRstdv by on magnitude”.  
 
The sentence is now rephrased as “the signal ZDRmean exceeds the noise ZDRstdv by one order of 
magnitude”. 
  
Lines 365-366: The shape parameter = 4 seems too high for the aggregates, it is usually close to 0. Μ 
Why is the value = 4 chosen? Explain the rationale and provide some evidence why = 4 works for μ  
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your cases. Is this because you are using Dmelted in PSD calculations? Do other parameters need 
adjustments to be used with Dmelted?  
 
Considering the aforementioned literature in your major comments, μ is now set to 0, a characteristic 
value for snow aggregates. Moreover, the affected Fig. 7, Fig. 8 and Fig. 9 are now reproduced.  
 
Lines 460-465: You did not take into account how the usage of AR=1.60 instead of AR=1.67 affects 
your results. Briefly comment on this, provide some estimates.  
 
Thank you for this comment. In the latest version of LUTs we changed the AR values so that we include 
1.67 for oblates (corresponding to the typical 0.6 from Hogan et al., 2012) in our LUTs. This is also 
changed in the text as well as in the affected plots.  
 
Figure 17: You should add a panel for sphericity, median mass diameter, and ice water content retrieved 
with the initial aggregate density (for easier comparison) and reflect the results in Table 4.  
 
A panel for the initial effective density of Yang et al. (2000) is now added in Fig. 17 and indeed helps 
the reader to directly have a look on the differences of the retrieved parameters. Moreover, RMSE results 
for DWR, ZDR and Ze using the initial aggregates m(Dmax) are added in Table 4. Thank you a lot for 
suggesting this. 
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Answers to Reviewer 2 
 
General comments: This is a tough paper to review. On one hand the measurement setup and collected 
dataset is very interesting. On the other hand, there are several things that causes concerns. 
 
I understand the problem the authors are facing and that is behind one of the weak points in the study. The authors 
are using the “soft spheroid” particle model in combination with T-matrix to compute single-scattering ice particle 
properties that are used for the retrievals. However, given a large number of articles published in the last decade 
that argue that such approach could lead to significant errors, this argument is not easy to make. It is not impossible, 
since one could argue that 35 GHz measurements are not suffering from the “non spheroidal” effect that much. 
However, the authors tried to avoid the existing literature and use not well supported arguments, see detailed 
comments below. I suggest that they improve this part of the paper. Please use more up-to-date literature and make 
your arguments using the current understanding of the problem. 
 
Thank you a lot for your comment. We agree with you that our ice model is a weak point in this study. In this 
study, however, the authors major intension was to investigate the feasibility two combine two spatially separated 
radars to obtain microphysics information about the ice hydrometeors detected into clouds, above the melting 
layer. The combination of two radars located in different areas is a challenging task due to the different radar 
scanning geometries, time and spatial mismatch of the radar beams and different path integrated attenuation (PIA) 
along the radar beams. In our feasibility study we aim to examine the combination of radar measurements from a 
weather and a cloud radar within a common retrieval framework for particle size, mass and shape. For this purpose, 
we develop an ice microphysical retrieval for the estimation of the median size, the apparent shape and the ice 
water content of the detected ice populations making some a-priori assumptions about their particle size 
distribution and mass-size relation that they follow. Hence, to avoid the addition of more assumptions in the 
developed ice retrieval, we selected a simple ice particle model, i.e., the soft spheroid, which is known to require 
the least assumed parameters compared to more complex ice particle models.  
 
We now dedicated a new subsection (1.2 Representation of ice atmospheric hydrometeors using spheroids) to 
include more up-to-date literature and to make a more convincing argument for the use of the simple soft spheroid 
approximation. 
 
1) The revised manuscript now includes the following paragraph with a literature review: 

 
“Single scattering simulations are an indispensable tool to bridge the gap between 

microphysical properties of hydrometeors and polarimetric radar observations. In the case of ice 
particles, however, the calculation of scattering properties can be challenging due to their large 
complexity, variety in shape, structure, size and density. One of the most sophisticated methods, the 
Discrete-Dipole Approximation (DDA, Draine and Flatau, 1994), can be used to calculate the 
scattering properties of realistic ice crystals and aggregates. However, this approximation can be 
computational demanding. To reduce computation cost and complexity, ice particles are often 
assumed to be spheres and their scattering properties are calculated using the Mie theory or they 
are assumed to be spheroids using the T-Matrix method (Waterman, 1965) or the Self-Similar 
Rayleigh-Gans Approximation (SSRGA, e.g., Hogan and Westbrook, 2014; Hogan et al., 2017; 
Leinonen et al., 2018a) for scattering simulations. The calculations when SSRGA is used are known 
to be affected by the way that ice mass is distributed throughout the particle’s volume. As we aim 
for a simple ice particle model, we extensively used the T-Matrix method in this study, assuming the 
ice particles to be soft spheroids. It is a common approach in model studies that ice particles are 
represented by homogeneous spheroids with density equal or smaller of bulk ice. Due to its 
simplicity, the limitations of the spheroid approximation have been a heavily researched and 
debated topic in the last decade. While Tyynelä et al. (2011) showed an underestimation of the 
backscattering for large snowflakes, Hogan et al. (2012) suggested that horizontally aligned oblate 
spheroids with a sphericity of 0.6 can reliably reproduce the scattering properties of realistic ice 
aggregates which are smaller than the radar wavelength. Nevertheless, the same study also 
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concluded that for larger particles spheroids are an improvement to Mie spheres which can lead to 
a strong underestimation of Ze and, in turn, strong overestimation of IWC. Leinonen et al. (2012) 
showed that the spheroidal model cannot always explain the radar measurements as more 
sophisticated particle models do, e.g., snowflake models. Later on, Hogan and Westbrook, (2014) 
indicated that the soft spheroid approximation underestimates the backscattered signal of large 
snowflakes (1 cm size) – measured with a 94 GHz radar – up to 40 and 100 times for vertical and 
horizontal incidence, respectively. In contrast, the simple spheroidal particle model could 
successfully explain measurements of slant-45° linear depolarization ratio, SLDR, as well as SLDR 
patterns on the elevation angles (Matrosov, 2015) during the Storm Peak Laboratory Cloud 
Property Validation Experiment (StormVEx). In Liao et al. (2016) it was found that randomly 
oriented oblate ice spheroids could reproduce scattering properties in Ku- and Ka-band similar to 
these from scattering databases when large particles were assumed to have a density of 0.2 g cm−3 

and a maximum size up to 6 mm. Furthermore, although Schrom and Kumjian (2018) showed that 
some ice crystal shapes as branched planar particles could be better represented by plate crystals 
than spheroids, the simple spheroidal model has been used in recent studies to represent ice 
aggregates as in Jiang et al. (2019) or to retrieve shape from LDR as in Matrosov (2020). In all 
these studies, it is recognized that the spheroidal model requires less assumed parameters compared 
to more complex particle models.” 

 
2) We also wrote a new paragraph to support our decision to use the soft spheroid approximation for this 
study nonetheless. You can find our answer to one of your more specific comments further below. 

The second problem is related to how reliable the retrieved values are. Because of the measurement setup the radar 
observations volumes are mismatched. Potentially because of this, the observed DWR and retrieved Dm values 
show artificial looking patterns. The authors use the retrievals to generate statistics of particle properties, see Fig 
12, which is one of the main stated goals of the study. I would like to see a discussion what retrieved values can 
be trusted and why. Ideally, problematic data should be excluded. 
 
Thank you for pointing this out. The different locations of the two radars are an opportunity and challenge at the 
same time as we aim to obtain an oblique perspective on the cross-section area between both instrument. For this 
reason, we conducted a sub-study investigating all possible sources of errors and uncertainties in our measurement 
dataset, i.e., radar reflectivity, differential reflectivity and dual-wavelength ratio. An extended sub-section can be 
now found in our Sect. 3.1.2: 
 

“3.1.2 Assessment of radar observations errors 
Radar measurements are often affected by systematic or random errors. To assess their impact 

on the ice microphysics retrieval developed in this study we need to investigate possible errors in 
POLDIRAD and MIRA-35 observations as well as all their sources.  

The absolute radiometric calibration of both instruments is an important error source in DWR 
measurements. While the error of the absolute radiometric calibration of POLDIRAD is estimated 
to be ±0.5 dB following the validation with an external device (Reimann, 2013), the budget 
laboratory calibration of MIRA-35 following Ewald et al. (2019) is estimated to be ±1.0 dB. 

In order to test for a systematic ZDR bias, we exploited POLDIRAD measurements during 
vertically pointing scans (also known as birdbath scans, e.g., Gorgucci et al., 1999) in a liquid cloud 
layer performed on the 4th April 2019. The measurements indicated that ZDR has an offset of about 
+0.15 dB as ZDR values are expected to be near 0 dB for this case due to the spherical apparent 
shape of liquid droplets. In Fig. A1 (Appendix A), examples of radar reflectivity Ze, differential 
reflectivity ZDR as well as a scatter plot showing the ZDR offset are presented.  

Another error that should be considered is the random error, especially for ZDR measurements 
at low signal levels. To detect and filter out regions with high ZDR noise we compare the local (3 
range gates) standard deviation ZDRstdv with the local mean ZDRmean. Subsequently, we only include 
regions where the signal ZDRmean exceeds the noise ZDRstdv by one order of magnitude. An example 
of this approach can be found in Fig. A2 (Appendix A). While we apply the retrieval to all cloud 
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regions, the described ice mask and noise filters are used during the statistical aggregation of 
retrieval results. 

In our case of spatially separated radar instruments, an azimuthal misalignment between both 
instruments had to be excluded to obtain meaningful DWR measurements. To this end, we performed 
several solar scans with both instruments in spring 2019 to confirm their azimuthal pointing 
accuracy (e.g., Reimann and Hagen, 2016). Here, we found an azimuth offset of –0.2° for 
POLDIRAD and an azimuth offset of +0.1° for MIRA-35. Consecutive solar scans confirmed the 
azimuthal pointing accuracy within ±0.1°. Despite the small azimuthal misalignment, the radar 
beam centroids of both instruments were clearly within the respective other beam width during our 
measurement period in 2019. 

Besides an azimuthal misalignment, we also analyzed the temporal mismatch between both 
RHIs as well as the volumetric mismatch in the context of non-uniform beam filling. Although the 
RHIs from the radars were scheduled to be executed simultaneously, regions within the RHIs are 
measured at slightly different times by both instruments. This temporal mismatch can lead to slightly 
different Ze radar observations from both radars in the context of horizontal advection of an 
inhomogeneous cloud scene. In the following we used this temporal mismatch to estimate the 
resulting DWR error for the example case shown in Fig. 3. Using wind data (Fig. 4) from the 
Oberschleißheim sounding station (source: Deutscher Wetterdienst, data provided by University of 
Wyoming; http://weather.uwyo.edu/upperair/sounding.html, last access: 10 June 2021), we 
converted the temporal mismatch (Fig. 5a) between the radar measurements for each pixel in the 
common radar grid to a spatial difference (Fig. 5c). To estimate the impact of this spatiotemporal 
mismatch (hereafter spatiotemporal error) we subsequently used these spatial differences to 
calculate DWR values between pixels in the spatially higher resolved MIRA-35 Ze measurements 
(Fig. 5e). Concluding the DWR error assessment, we also analyzed the volumetric mismatch caused 
by the different beam widths of the two radars. For spatially heterogeneous scenes, this volumetric 
mismatch can lead to artificial DWR signatures caused by a non-uniform beam filling. Here, the 
spatially higher resolved MIRA-35 Ze measurements (30 m range gate length) along the RHI cross 
section were used as a proxy to obtain the spatial heterogeneity of Ze perpendicular to the RHI cross 
section. In a first step, the local beam diameters for each pixel in the common grid are calculated 
for POLDIRAD (Fig. 5b) and MIRA-35 (Fig. 5d). Then, moving averages along the Ze cross sections 
from MIRA-35 are performed using the corresponding local beam diameters. Hence, at each pixel 
of the common radar grid two averaged MIRA-35 Ze values are obtained; one corresponding to the 
local beam diameter of MIRA-35 and one corresponding to the local beam diameter of POLDIRAD. 
Subtracting the averaged Ze for each pixel, we were able to estimate the error caused by the 
volumetric mismatch between both radar beams (Fig. 5f).  
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Figure 1: DWR error assessment due to temporal mismatch (left panels) and volumetric mismatch (right 
panels). In (a), (c) and (e) panels, the POLDIRAD and MIRA-35 temporal mismatch, the POLDIRAD and 
MIRA-35 spatial mismatch and the spatiotemporal error in dB are plotted. In (b) and (d) panels, the 
POLDIRAD and MIRA-35 beam widths are presented, while in panel (f) the estimated DWR error due to the 
volumetric mismatch is shown. For this plot the data from 30th January 2019 at 10:08 UTC are used. The ice 
masked and noise/error filtered values (except for random ZDR error) in (e) and (f) are plotted with grey 
color. Black color in panel (e) denotes the additional missing values due to the spatial shift of the radar grid. 
For better visualization purposes the isotherms of –5 ºC,  –15 ºC and –25 ºC are not plotted here. “ 

 
This sub-section is accompanied with a respective Appendix A: 
 

“Appendix A: Radar measurements error assessment 
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Figure A1: POLDIRAD (a) Ze, and (b) ZDR measurements for different times and azimuth angles of a 
liquid cloud layer with a vertical pointing antenna on 04 April 2019. Panel (c) shows the offset of the 
averaged ZDR for the range where the liquid layer was detected. 

 

Figure A2: (a) the local standard deviation of ZDR  is plotted as a function the local mean of ZDR. (b) 
the ratio a = ZDRstdev /ZDRmean can be used to filter out noisy ZDR measurements. In the red encircled 
areas (a < 0.1), the retrieval results are considered to be reliable enough to be aggregated into statistical 
results.” 

 
Therefore, only measurements fulfilling the aforementioned criteria are considered for statistical results 
of the ice microphysics retrieval. For visualization purposes in the case study, we only applied the ice 
mask and noise/error filter using grey colors, and left later filtered regions due to ZDR error. In the 
following figures we demonstrate the effect of the ZDR filter, with IWC results shown throughout the 
manuscript (left panel) and after the filter application of the ZDR noise filter (right panel). Only the 
valid values of the right plot are these considered in the statistics of this paper. 
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Finally, there are statements in the manuscript that are not correct. A good example is the definition of the 
reflectivity factor. These should be corrected. 
 
Thank you for your correction. These formulas are now better described as: 
 

“The radar reflectivity factor z is defined as the sixth moment of the particle size distribution 
𝑁(𝐷) and is thus designed to be proportional to the to the Rayleigh scattering cross section of 
small – size much smaller comparing to the radar wavelength – liquid spheres: 

𝑧 [𝑚𝑚  𝑚 ] = ∫ 𝑁(𝐷)𝐷 𝑑𝐷                                                                                                                     (1a) 

where, 
𝑧: the radar reflectivity in linear scale, 
𝑁: the number concentration, 
𝐷: the geometric diameter of the particles.  
This formula can be also expressed in logarithmic terms: 

𝑍 [𝑑𝐵𝑍] = 10 ∙ 𝑙𝑜𝑔 (𝑧).                                                                                                                                       (1b) 

This definition, however, cannot be directly applied to snow due to the varying density, the 
irregular shape and larger size of ice particles which cause deviations from the Rayleigh into 
the Mie scattering regime. Moreover, 𝑁(𝐷) for ice particles is referring to the size distribution 
of their melted diameters. Nevertheless, an equivalent radar reflectivity factor Ze can be derived 
from the measured radar reflectivity η (𝜂 = ∑ 𝜎 ; normalized to a specific volume 
summation of backscattering cross-section of all detected hydrometeors) when the dielectric 
factor of water |𝐾| = 0.93 is assumed: 

𝑧 [𝑚𝑚 𝑚 ] =
| |

∙ 𝜂 and 𝑍 [𝑑𝐵𝑍] = 10 ∙ 𝑙𝑜𝑔 (𝑧 )                                                                      (1c) 

where: 
𝜆: the radar wavelength. In the Rayleigh regime, the radar reflectivity factor Z or the equivalent 
radar reflectivity factor Ze (for simplicity reasons referred also as radar reflectivity in this 
paper) is proportional to the sixth power of the particle size, while in the Mie regime Ze scales 
with the second power of the particle size. In both regimes Ze scales linearly with the particle 
number concentration.” 

 
Overall, in my opinion the manuscript needs significant improvements before it can be considered for the 
publication. I encourage the authors to revise it significantly and resubmit. 
 
Specific comments: 
Line 30 ” Ice clouds can cause a cooling effect at the surface by reflecting the shortwave, incoming solar radiation 
but they can also contribute to warming of the atmosphere by trapping the longwave, terrestrial radiation (Liou, 
1986). ” 
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Are you sure about this statement? To my knowledge, ice clouds have a net warming effect. It is possible that in 
some particular cases they would lead to cooling, but the warming effect is more common. 
 
Thank you a lot for this comment. The sentence is now rephrased providing more general information about 
the role of ice clouds in the Earth’s energy budget: 
 

“Ice clouds are known to reflect the shortwave, incoming solar radiation, but they can also trap 
the longwave, terrestrial radiation interfering to the Earth’s energy budget (Liou, 1986). Their 
influence on the radiation budget of the climate system strongly depends on their top height as 
well as on ice crystals habits and effective ice crystal size (Zhang et al., 2002).” 

 
Line 49-50: “Another way to gain microphysics information is to use multi-frequency radar observations as they 
exploit the scattering properties of ice particles in both Rayleigh and Mie regime.” 
 
Strictly speaking, Mie regime is not a correct term, a better one is the resonance scattering regime or non-Rayleigh 
scattering. The Mie solution is only applicable to spherical droplets.  
 
Thank you for pointing this out. The sentence is now rephrased as “Another way to gain microphysics 
information is to use multi-frequency radar observations as they exploit the scattering properties of ice particles 
in both Rayleigh and non-Rayleigh regime.” 
 
Equation 1a – This equation is derived assuming small (much smaller than the wavelength) spherical water 
droplets. 
 
The phrase “small – size much smaller comparing to the radar wavelength –” is now added to the sentence 
describing Eq. 1a. 
 
Line 64-65 “Similarly, the equivalent radar reflectivity factor Ze can be calculated when the radar reflectivity η is 
measured as well as the dielectric factor of water |ð  ¾|2 = 0.93 and Rayleigh scattering is assumed: ” 
 
This is incorrect. Please check the definition of the radar reflectivity factor and equivalent reflectivity. Also, what 
is η, you have not defined it. 
 
Thank you a lot for your comment. The sentence is now rephrased and the definition of measured radar reflectivity 
η is now added. 
 
Line 96, Straka’s paper is not presenting a method to distinguish hydrometeor types but summarizes characteristics 
of hydrometeors and corresponding dual-polarization radar signatures. There are many papers that actually present 
the method. 
 
Thank you, that sentence is now rephrased and states that Straka et al. (2000) had summarized the characteristics 
of atmospheric hydrometeors at a wavelength of 10 cm. 
 
Line 107 “Snow hydrometeors with size in the millimeters order of magnitude are found to have low densities and 
therefore, the Self-Similar Rayleigh-Gans Approximation (SSRGA, e.g. Hogan and Westbrook, 2014; Hogan et 
al., 2017; Leinonen et al., 2018a), that is applicable for "soft spheres", can be used. ” 
 
Actually, the exact opposite is argued in (Hogan et al., 2017; Leinonen et al., 2018a) and many other studies i.e. 
by Kneifel et al. (2015). SSRGA is introduced exactly because we cannot use the “soft sphere or spheroid” 
approximation. SSRGA takes into account internal distribution of ice particle mass that in its turn affect RGA’s 
form-factor and therefore the scattering properties. “Soft-sphere or spheroid” approximation assumes that mass is 
uniformly distributed, and inclusions are much smaller than the wavelength and hence an effective media 
approximation, such as Maxwell Garnett, can be used. These 
approximations seem to fail at mm-wavelengths. 
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Thank you for this valuable comment. After an extended research on that topic, we corrected our statement. We 
have now made clear the difference between the Self-Similar Rayleigh-Gans Approximation and PyTMatrix. This 
part of the text is now modified as follows: 
 

“One of the most sophisticated methods, the Discrete-Dipole Approximation (DDA; Draine and 
Flatau, 1994), can be used to calculate the scattering properties of realistic ice crystals and 
aggregates. However, this approximation can be computational demanding. To reduce 
computation cost and complexity, ice particles are often assumed to be spheres and their 
scattering properties are calculated using the Mie theory or they are assumed to be spheroids 
using the T-Matrix method (Waterman, 1965) or the Self-Similar Rayleigh-Gans Approximation 
(SSRGA; e.g., Hogan and Westbrook, 2014; Hogan et al., 2017; Leinonen et al., 2018a) for 
scattering simulations. The calculations when SSRGA is used are known to be affected by the 
way that ice mass is distributed throughout the particle’s volume. As we aim for a simple ice 
particle model, we extensively used the T-Matrix method in this study, assuming the ice particles 
to be soft spheroids.” 

 
Line 110: ” A well-proven approach is the soft spheroid particle model which uses the effective medium 
approximation (EMA) to model the refractive index of ice crystals and aggregates, e.g. the Bruggeman or 
Maxwell-Garnett models as in Garnett and Larmor (1904). ” 
 
What are the assumptions and for which conditions EMA are proven to work? This is a blank statement implying 
that EMA always work regardless of conditions. 
 
Thank you for this comment. More information about EMA along with references is now added in Sect. 3.2.1 
Soft spheroid model. In particular, the following paragraph is now added:  

 
“Our soft spheroid model uses the effective medium approximation (EMA) to model the 
refractive index of the composite material as an ice matrix with air inclusions following the 
Maxwell-Garnett (MG) mixing formula given in Garnett and Larmor (1904): 

                                                           = 𝑓                                                                      (4) 

with, 
𝑒 , 𝑒 : the permittivities of the medium and the inclusion, respectively, 
𝑒 : the effective permittivity, 
𝑓 : the volume fraction of the inclusions. 
 
The complex refractive index, m, is then calculated from 𝑚 =  𝑒 . In the framework of the 

EMA, the electromagnetic interaction of an inhomogeneous dielectric particle (components 
with different refractive indices) can be approximated with one effective refractive index of a 
homogeneous particle (e.g., Liu et al., 2014; Mishchenko et al., 2016). In Liu et al. (2014), 
internal mixing was proven to best represent the scattering properties of hydrometeors. Here, 
the refractive index is modelled as an internal mixing of ice with air inclusions which are 
arranged throughout the ice particle. The same work also pointed out that the size parameter 

𝐷 =  for each of these air inclusions should not be larger than 0.4 (with d as the diameter 

of the inclusion). “ 
 
Line 112 : “Many studies, e.g. Hogan et al. (2012), have …” 
 
There are many studies after that which argue the opposite. As I have mentioned above 
the development of SSRGA was motivated by the inability of a “soft spheroid” particle 
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model to reproduce the observations. You should use more recent literature to argue the 
point and make more convincing argument. 
 
Thank you for pointing out this deficiency in the old version of the manuscript. As we already mentioned to one 
of your general remarks, we now included more recent literature in a new, dedicated subsection (Sect. 1.2). We 
would like to answer your second remark to make a more convincing argument why we use the soft spheroid 
approximation together with your next remark: 
 
Line 122 and up to line 116 “Moreover, using spheroids we can better understand the ambiguities between the 
aforementioned degrees of freedom. Here, more sophisticated models of specific ice crystals could introduce 
additional challenges to sort a collection of ice shapes along these degrees of freedom or to define variables like 
the aspect ratio.” 
 
The aspect ratio and orientation angle are part of the “soft-spheroid” particle model. These 
parameters are irrelevant for a more complex particle representation. One should keep 
this in mind, while interpreting observations and using different particle models for such 
interpretations. If you have selected “soft-spheroid” as your model of a more complex ice 
particle, then you should expect that your model is a (possibly over) simplified 
representation. Whether this is an advantage or not, it is a matter of discussion. So please 
make a stronger argument of your point? 
 
Thanks for stressing this point! The new Sect. 1.2 Representation of ice atmospheric hydrometeors using spheroids 
also includes a paragraph in which we make a stronger argument why we use the soft spheroid approximation 
instead of a more complex particle representation: 
 

“Although more complex ice particle and scattering models are available, this work will use 
the soft spheroid approximation out of the following reasons: (1) In this work we aim to provide 
a feasibility study to combine two spatially separated radars to better constrain the ice crystal 
shape in microphysical retrievals using simultaneous DWR and ZDR observations from an 
oblique angle. Besides instrument coordination, the actual measurements and the assessment 
of measurement errors, the ice crystal and scattering model are just one component. Due to its 
simple and versatile setup, this work will utilize the soft spheroid approximation to study the 
benefit of additional ZDR measurements and the role of the observation geometry. (2) More 
importantly, to our knowledge, the more accurate SSRGA described by Hogan and Westbrook 
(2014) does not (yet) provide polarimetric variables used in this study, namely the ZDR. (3) In 
anticipation of a prognostic aspect ratio of ice crystals in bulk microphysical models (e.g., the 
adaptive habit prediction; Harrington et al., 2013), we aim to keep a minimal set of degrees of 
freedom to remain comparable with these modelling efforts. (4) Using ice spheroids we are able 
to vary parameters such as median size, aspect ratio and ice water content independently, which 
serve as degrees of freedom of the ice spheroids, and calculate their optical properties without 
much computational cost as in other scattering algorithms (e.g., DDA) that are used in more 
realistic ice crystal shapes simulations. Moreover, using spheroids we can better understand 
the ambiguities between these simple, aforementioned degrees of freedom.” 

 
Aspect ratio, page 8: Please use commonly used definitions of AR. At the moment, it is very confusing. 
 
Thank you for this comment. The text is now modified and contains aspect ratio (AR) and sphericity (S) definitions. 
Particularly, it has been updated as: 
 

“For the scattering simulations we assumed that ice hydrometeors can be represented by 
ice spheroids. The shape of the particles is defined using the aspect ratio parameter. In 
PyTMatrix this is the ratio of the horizontal to rotational axis of the particle. From the 
description of the simulated ice spheroids in Fig. 6, it is obvious that oblate (shaped like lentil) 
and prolate particles (shaped like rice) have AR larger and lower than 1.0, respectively, as z 
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axis is selected to be the rotational axis. Using this principle, the representative value of 
sphericity = 0.6 for oblate ice spheroids from Hogan et al. (2012) is calculated as AR = 1.67 
for oblate ice particles in this study and therefore, this number was used as a reference value 
for the simulation plots (Fig. 7, Fig. 8 and Fig. 9a). In this study, we used S additionally to AR 
to compare retrieval results when the oblate and prolate shape assumption is used. S for oblates 
and prolates is found to be smaller than 1, while for spheres is equal to 1.” 

 
Line 276 “Furthermore, small oscillations out of this plane with a standard deviation of 20° are included to consider 
the flutter of ice crystals. ” 
 
How? Please explain what you mean. 
 
Thank you for your point. After your comment we have now replaced this sentence with the following 
part:  
 

“Here, all prolate ice particles were assumed to fall with their maximum diameter aligned to 
the horizontal plane. Hence, all ice prolates (hereafter referred as horizontally aligned prolates 
or horizontally aligned prolate ice spheroids) are rotated 90° (mean canting angle) in the yz 
plane (Fig. 6), while ice oblates have a 0° mean canting angle. The canting angle, i.e. angle 
between the particle’s major dimension and the horizontal plane, of the falling hydrometeors 
has been the topic of several studies. This value in nature is not so easy to estimate and thus, a 
standard deviation (e.g., 2°–23° as in Melnikov, 2017) is often additionally used. Here, we used 
a fixed standard deviation of 20° to describe the oscillations of the particles maximum 
dimension around the selected canting angle. Then the calculation of the scattering properties 
is performed using an adaptive integration technique for all possible particle’s geometries, 
ignoring the Euler angles alpha and beta of the scattering orientation.” 

 
Line 304, equation 6: What was the motivation of using the melted snowflake diameter? 
 
Thank you for this comment. In Eq. 6, 𝐷  was only used as an interim parameter to obtain an 𝑚(𝐷 ) 
relationship since Yang et al (2000) only provided a fit for an equivalent volume sphere.  The formula 
is now modified as: 
 

“… The 𝐷  is used to describe the diameter of a spherical water particle with the same mass 
as an ice particle with maximum dimension 𝐷 . 

𝑚(𝐷 ) =  
∙ ∙

=
∙

𝑒∑ (  ( ))                                                                                         (7) 

where 𝑏  is taken from Table 2 in Yang et al. (2000), the water density 𝜌  = 1 g cm–3 and 𝐷  
as well as 𝐷  are in microns.” 

 
Page 11. Look-up table structure 
 
Given that you are using the “soft spheroid” particle model and T-matrix to compute singlescattering ice particle 
properties, I was expecting a discussion on how the refractive index is defined for different AR values. Are you 
preserving particle mass or density (and therefore the refractive index)? This should be explicitly discussed. What 
are PSD integration limits used in calculations? How did you select the maximum Dvalue? The selection of 
maximum D has a direct influence on Zdr. Is that the reason why 
you are having an issue with reproducing Zdr observations? 
 
Thank you for your comment on this topic. In our study a soft spheroid is a homogeneous mixture of ice and 
air, it’s ice mass is evenly distributed all over the spheroid’s volume and EMA is used for the refractive 
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index calculation. As already quoted to your question regarding EMA above, we now included a more 
detailed description how we calculate the refractive index. To answer your question here, we are 
preserving particle mass and not density / refractive index when increasing the AR until reaching the 
bulk density of ice. Then particle mass is clipped. Regarding integration limits: for our work we a-priori 
chose the maximum diameter of PSD (D_max) to be 20 mm, as we are interested to retrieve ice 
microphysics for ice particles that are detected within the cloud and above the melting layer and not for 
large aggregated snowflakes that reach the ground. In the following plot we calculated ZDR and DWR 
for AR = 1.67, shape parameter of PSD μ = 0 and median mass diameter, Dm, to vary between 0.1–3.02 
mm.  

 

We show that for even larger D_max, i.e., D_max = 25 mm, the simulated ZDR-DWR don’t differ from 
the results using D_max = 20 mm. Minor differences in ZDR and DWR are observed when D_max is 
selected to be lower, i.e., 15 mm.  

The ice spheroids construction is now added in the text (Sect. 3.2.1 Soft spheroid model: Mass-size 
relation). In particular: 

“The maximum dimension, Dmax,  and the sphericity values for the spheroids were a-priori 
defined and their mass was calculated according to the formula that describes the relation 
between mass and Dmax (mass-size relation), providing information about the mass of the ice 
crystals and therefore, their effective density with respect to their size. Mass m of an ice particle 
is usually connected to its maximum diameter 𝐷  with a power-law formula, 

𝑚(𝐷 ) = 𝑎𝐷                                                                                                                                                 (5) 
where, 
𝑎: the prefactor of the 𝑚(𝐷 ), refers to the density scaling at all particles sizes, 
𝑏: the exponent of the 𝑚(𝐷 ), relates to the particles shape and growth mechanisms. With 
the mass and the spheroid dimensions known, the density of the ice spheroid was calculated. In 
the special case when the density was found to exceed the density of solid ice (0.917 g cm–3), the 
mass of the spheroid was clipped and its density was set equal to the ice density. With the ice 
spheroid mass known, we also calculated the mass of the bulk ice spheroid (same-dimensions 
spheroid with density of solid ice) and from the ratio masssph/massbulk_sph we calculated the ice 
fraction of the simulated spheroid. Using the ice fraction, we then calculated the particle’s 
refractive index from the Maxwell-Garnet mixing formula.” 

 
Fig 11, page 15 How physical are high Dm values closer to the cloud top? Please explain 
what data can be trusted. Ideally you should mask questionable data. This affects the 
results presented in Fig. 12. 
 
Thank you for pointing this out. In the latest version of our manuscript in the already mentioned Sect. 3.1.2: 
Assessment of radar observations errors as well as in our Appendix A: Radar measurements error assessment you 
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may find a detailed description of our approach to consider only reliable measurements in our ice microphysics 
retrieval and thus, for the development of Fig. 12 (current Fig. 14). As we already mentioned to one of your 
previous answers, the ZDR noise filter is not yet applied to the case study plots shown in Fig. 12 which would 
remove most of these large Dm values closer to cloud tops. For the statistical results shown in Fig. 14, we applied 
all described filters. 
 
Page 17. Unknown mass-size relationship 
 
Please explain, what was the logic behind the selection of the m(D) relations. Are they representative of the events 
you have observed, i.e. represent particles observed in this temperature regime? Are they sufficiently different to 
cover a possible range of values? On lines 290  300 you just state that you use them without much discussion why. 
 
You are right, the motivation for BF and Yang was not really described until now. As we laid this out as a feasibility 
study of the measurement combination, we aimed for two sufficiently different m(D) relationships to get a better 
understanding of the limitations when soft spheroids are used for that task. Since BF95 was heavily used in 
previous studies we started off with their m(D) to represent more 2D ice crystals (b=1.9) resulting in soft spheroids 
of lower density. To contrast them, we choose the m(D) analog to the aggregates from Yang et al (2000) which 
result in soft spheroids with a higher and constant density. The corresponding introduction now reads: 
 

“While the effective density of a spheroid decreases strongly with its size due to the exponent 
b=1.9 in BF95, we contrast this with a second 𝑚(𝐷 ) with a higher and constant density. To 
that end we borrowed the 𝑚(𝐷 ) from the irregular aggregate model from Yang et al. (2000) 
to create soft spheroids with an analog mass-size ratio.” 
 

Our choice to continue the study with this m(D) can also be understood when answering your next question: 
 
“The BF95 mass-size relation was found to model to low ice particle densities … BF95 prescribes near zero density 
values for large particles. This leads to very low simulated ZDR values with increasing particles size (Fig. 6)” 
 
Hogan et al (2012) was able to reproduce observed Zdr values. Could you please explain 
what is the difference between their and your study? 
 
Simulations using the BF95 mass-size relation and the typical AR = 1.67 in current Fig. 8 (previously Fig. 6) show 
that BF95 cannot reproduce our radar dataset. Especially for large particles the ZDR signal is very low due to the 
low density. Although we can achieve higher ZDR values like in Hogan et al (2012) when spheroids with higher 
density are used, these spheroids are then so compact that they cannot simultaneously achieve large DWR values. 
With our soft spheroids we can reproduce ZDR simulations similar to Fig. 5 from Hogan et al., 2012 for S-band 
and different axial ratio and ice fraction values. For the typical AR = 1.67 (axial ratio 0.6), the maximum DWR 
for Dmax = 1 mm was, however, not larger than 0.45 dB when ice fraction was 0.2. 
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To conclude, we further used the aggregates mass-size relation after a radiative closure study from 
Ewald et al. (2021) where it was shown that aggregate habit reconciled better the lidar, radar, and solar 
radiance measurements against columns or plates. We also noticed that the aggregates could better 
explain our ZDR-DWR measurement space than the well-known BF95. Hence, we continued our ice 
studies using the aggregates mass-size relation from Yang et al. (2000). In this way we managed to 
obtain simultaneously larger ZDR and DWR that better match our radar measurements. 
 
Fig. 16 page 20. I think this is the most interesting plot of the paper. I am not sure how 
practical this is, but the difference between a and b panels indicates that there is extra 
information that can be retrieved by using different measurement geometries. Very 
interesting. 
 
Thank you for your interest in this plot (current Fig. 18). Our intention was indeed to show the different radar 
geometries effect on the retrieved parameters. Moreover, the valuable contribution of ZDR in different areas of 
the cloud cross-section is highlighted in this plot. For very low radar elevation angles from both radars, e.g., at the 
lowest part of the cloud cross-section, and also above MIRA-35, i.e., when POLDIRAD is scanning and MIRA-
35 is pointing to zenith, ZDR can not only provide apparent shape information but also helps to narrow down the 
solution space for the size retrieval.  
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Answers to Dr. Jana Mendrok 
 
This study introduces a method for the retrieval of snow microphysical properties (ice water content, 
mean size, shape) from polarimetric and dual-wavelength radar observations. The method as introduced 
here is based on a bunch of rather rude assumptions, in particular the shape model (homogeneous 
spheroids) and the mass-size relation. In my view, the study lacks to show the effect that these 
assumptions have on the retrieval results and to properly state the limitations of the method. 
 
Thank you for your comment about our manuscript. As already mentioned in the paper, but maybe it 
needed to be more emphasized (and it is now), this work serves as a feasibility study exploring the 
combination of two spatially separated radars to derive microphysics information  about the detected – 
in the radar beams cross-section – atmospheric hydrometeors. Our major focus is to ensure that we are 
able to obtain high quality dual-wavelength ratio measurements and as a further extension of this work, 
to use the radar measurements combined with a simple ice particle model and assumptions for the 
particle size distribution (PSD) and mass-size relation (m(Dmax)) of the ice particles, to develop an ice 
microphysics retrieval. Using spheroid as a particle model, we are then able to test our a-priori 
assumptions for the ice particles as its simplicity allows for easy calculations of the particles mass 
(estimated from the mass-size relation) and thus, effective density. Therefore, we are able to investigate 
the effect of our guesses for the particles shape, size and mass on the retrieved parameters (apparent 
shape as well as median size and ice water content of the ice particles PSD), using the soft spheroid 
model to represent the detected ice hydrometeors. 

 
After a more up-to-date literature review about the limitations of the soft spheroid approximation we 
now included a more detailed argumentation why we still decided to stick to this rather simple model: 
 

“Although more complex ice particle and scattering models are available, this work will 
use the soft spheroid approximation out of the following reasons: (1) In this work we aim to 
provide a feasibility study to combine two spatially separated radars to better constrain the ice 
crystal shape in microphysical retrievals using simultaneous DWR and ZDR observations from 
an oblique angle. Besides instrument coordination, the actual measurements and the assessment 
of measurement errors, the ice crystal and scattering model are just one component. Due to its 
simple and versatile setup, this work will utilize the soft spheroid approximation to study the 
benefit of additional ZDR measurements and the role of the observation geometry. (2) More 
importantly, to our knowledge, the more accurate SSRGA described by Hogan and Westbrook 
(2014) does not (yet) provide polarimetric variables used in this study, namely the ZDR. (3) In 
anticipation of a prognostic aspect ratio of ice crystals in bulk microphysical models (e.g., the 
adaptive habit prediction; Harrington et al., 2013), we aim to keep a minimal set of degrees of 
freedom to remain comparable with these modelling efforts. (4) Using ice spheroids we are able 
to vary parameters such as median size, aspect ratio and ice water content independently, which 
serve as degrees of freedom of the ice spheroids, and calculate their optical properties without 
much computational cost as in other scattering algorithms (e.g., DDA) that are used in more 
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realistic ice crystal shapes simulations. Moreover, using spheroids we can better understand 
the ambiguities between these simple, aforementioned degrees of freedom.” 

 
The resulting limitations are now also mentioned more prominently throughout the discussion and we 
included the following paragraph to mention the limited scope of this work already in the introduction: 
 

“Due to this simplification, this study will focus on the feasibility to combine DWR and ZDR 
from spatially separated radar instruments into a common retrieval framework. Due to the 
missing internal structure of soft spheroids, the known underestimation of the radar backscatter 
and generally lower ZDR for larger snowflakes will limit this study to ice aggregates with sizes 
in the millimeter regime. This will include the onset of ice aggregation within clouds above the 
melting layer (ML) but will exclude heavy snowfall close to the ground. Anyhow, this region is 
rarely included in the measurement region with an overlap between the two scanning radar 
instruments.” 

 
To detail and justify my concerns: 
 
The authors write (L588) “we have to assume a suitable m(Dmax) relationship” and I cannot agree more.  
The authors obviously define “suitable” from the agreement of their scattering calculations with 
statistics of observations of DWR and ZDR. The scattering calculations are based on a range of 
assumptions, including e.g the size distribution, the mass-size relation, the spheroidal particle model, 
the shape of the spheroids.  
 
The paper gives a first glimpse that the results of the ice retrieval are definitely affected by the different 
assumptions that we use in our ice scattering simulations performed by T-Matrix (e.g., Mishchenko and 
Travis (1994); Mishchenko et al. (1996) and more). In particular, Fig. 8 as well as Sect. 4.3.1 Unknown 
mass-size relationship show differences in the retrieved parameters when the well-known Brown and 
Francis (Brown and Francis, 1995; hereafter BF95) and aggregates (Yang et al., 2000) m(Dmax) are 
used. Moreover, the different shape (oblate or prolate) assumption also affects the ice retrieval’s results 
(Sect. 4.1). However, to be more specific on how and how much the a-priori simulation assumptions 
about m(Dmax), particles oblate or prolate shape, shape parameter μ of particle size distribution (PSD), 
wobbling of ice particles etc. can alter the ice retrieval’s results, we are already working on a second 
manuscript which will serve as a sensitivity analysis on the aforementioned assumptions. To be more 
specific, in the current version of our manuscript we have now stressed out that the retrieved parameters 
would be …. under these assumptions… 
 
Out of these, mass-size relation is rather well constrained by observations of a range of different 
measurement techniques (including 3D imaging of falling snow “in the wild” (Leinonen et al., 2021)) 
and its range of variation is comparably small. Moreover, it is a crucial microphysical parameter in 
weather and climate models. 
 
Thank you for pointing out this concern. As mentioned above, our study is not focused on falling snow 
close to the ground. While the mass-size relationship of falling snow might be rather well constrained 
by observations with multi-angle snowflake cameras (MASC) on the ground, the mass size relationship 
is one of the least constrained and strongly varying ice crystals properties higher up within clouds. The 
large variability of in-cloud mass-size relation has been found in various in situ studies (e.g., Heymsfield 
et al., 2010; Xu et al., 2016) and has been stressed in numerous studies as one of the largest sources of 
uncertainties in ice microphysical retrievals (e.g., Deng et al., 2013; Delanoë et al., 2014; Ham et al., 
2017). 
 
On the other hand, the spheroidal particle model is a highly artificial model that is known to benot well 
suited to represent scattering properties of particles of low effective density like snow aggregates. This 
regards microwave scattering properties in general (e.g. Eriksson, 2015; Eriksson, 2018), but 
polarimetric properties in particular (eg. Schrom and Kumjian, 2018). Aspect ratio, in addition, is a 
highly simplistic parameter to describe the shape of typically irregularly shaped particles. That is, it is 
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questionable how well aspect ratios observed from irregularly shaped particles can constrain reasonable 
values for homogeneous soft particles (like spheroids or even plates). 
 
As already mentioned, our intention is to use a simple and easy-handled ice particle model so that we 
can seamlessly change our assumptions for ice particle populations and check their effect on the ice 
microphysics retrieval algorithm. Using a more realistic but more complicated ice particle model could 
lead to additional assumptions in our study. The use of the spheroid model to represent ice particles has 
been debated in many studies in the past. Therefore, we have now included a part presenting related 
literature (Sect. 1.2 Representation of ice atmospheric hydrometeors using spheroids): 
 

“Single scattering simulations are an indispensable tool to bridge the gap between 
microphysical properties of hydrometeors and polarimetric radar observations. In the case of 
ice particles, however, the calculation of scattering properties can be challenging due to their 
large complexity, variety in shape, structure, size and density. One of the most sophisticated 
methods, the Discrete-Dipole Approximation (DDA; Draine and Flatau, 1994), can be used to 
calculate the scattering properties of realistic ice crystals and aggregates. However, this 
approximation can be computational demanding. To reduce computation cost and complexity, 
ice particles are often assumed to be spheres and their scattering properties are calculated 
using the Mie theory or they are assumed to be spheroids using the T-Matrix method (Waterman, 
1965) or the Self-Similar Rayleigh-Gans Approximation (SSRGA; e.g., Hogan and Westbrook, 
2014; Hogan et al., 2017; Leinonen et al., 2018a) for scattering simulations. The calculations 
when SSRGA is used are known to be affected by the way that ice mass is distributed throughout 
the particle’s volume. As we aim for a simple ice particle model, we extensively used the T-
Matrix method in this study, assuming the ice particles to be soft spheroids. It is a common 
approach in model studies that ice particles are represented by homogeneous spheroids with 
density equal or smaller of bulk ice. Due to its simplicity, the limitations of the spheroid 
approximation have been a heavily researched and debated topic in the last decade. While 
Tyynelä et al. (2011) showed an underestimation of the backscattering for large snowflakes, 
Hogan et al. (2012) suggested that horizontally aligned oblate spheroids with a sphericity of 
0.6 can reliably reproduce the scattering properties of realistic ice aggregates which are 
smaller than the radar wavelength. The same study also concluded that for larger particles 
spheroids are an improvement to Mie spheres which can lead to a strong underestimation of Ze 
and, in turn, strong overestimation of IWC. Leinonen et al. (2012) on the other hand showed 
that the spheroidal model cannot always explain the radar measurements as more sophisticated 
particle models do, e.g., snowflake models. Later on, Hogan and Westbrook, (2014) indicated 
that the soft spheroid approximation underestimates the backscattered signal of large 
snowflakes (1 cm size) – measured with a 94 GHz radar – up to 40 and 100 times for vertical 
and horizontal incidence, respectively. In contrast, the simple spheroidal particle model could 
successfully explain measurements of slant-45° linear depolarization ratio, SLDR, as well as 
SLDR patterns on the elevation angles (Matrosov, 2015) during the Storm Peak Laboratory 
Cloud Property Validation Experiment (StormVEx). In Liao et al. (2016) it was found that 
randomly oriented oblate ice spheroids could reproduce scattering properties in Ku- and Ka-
band similar to these from scattering databases when large particles were assumed to have a 
density of 0.2 g cm−3 and a maximum size up to 6 mm. Although Schrom and Kumjian (2018) 
showed that some ice crystal shapes as branched planar particles could be better represented 
by plate crystals than spheroids, the simple spheroidal model has been used in recent studies to 
represent ice aggregates as in Jiang et al. (2019) or to retrieve shape from LDR as in Matrosov 
(2020). In all these studies, it is recognized that the spheroidal model requires less assumed 
parameters compared to more complex particle models.” 

 
To summarize, mass-size relation is a well-constrained parameter, while aspect ratio is not and is a rather 
artificial parameter. Hence, I wonder (and question), why the authors chose to use a mass-size relation 
that is unreasonable for snow aggregates but insist on keeping the aspect ratio within “reasonable” 
bounds. 
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We value your critique. As mentioned above we do not imply that our approach will yield reasonable 
results for large snowflakes. This work was designed as a feasibility study to combine simultaneous 
DWR and ZDR measurements within a common retrieval framework. While people have used these 
joint observables to constrain or rule out specific ice crystal shapes during their discussions in the past, 
to our knowledge, this study is the first attempt to combine both observables in a microphysical retrieval. 
To that end we employed two strongly different mass-size relationships to test and to understand the 
interrelationship between DWR and ZDR for a very simple and intuitive ice crystal model.  
 
As I understand, the results of the retrieval method presented here strongly depend on the choice of 
mass-size relation. This poses the question how reliable retrieved microphysical properties (primarily 
IWC) are when selecting a relation that is far off the range of commonly accepted values. As stated 
above, I miss a comprehensive estimate of the uncertainties (or, actually, errors) that this unreasonable 
assumption results in – not within the (forward modelling-retrieval) system here, which is self-
consistent, but in more realistic retrievals (if independently measured IWC are not available, e.g. by 
analyzing the retrieved IWC based on a range of for different m(Dmax) in the retrieval). 
 
Using the same assumptions and testing two different m(Dmax) we find that ice spheroids with mass-
size relation corresponding to aggregates from Yang et al. (2000) can explain better our radar 
observations against BF95, especially for larger ice particles and thus, higher DWR values, e.g., our 
current Fig. 16, also attached below. Panels (a) and (b) present residual values between the measured 
and the simulated DWR when ice spheroids are oblates, follow exponential PSD and have a mass-size 
relation corresponding to aggregates and BF95, respectively. 

 

 
 

In particular, we write: 
 

“Figure 16 shows the residuals between the simulated and measured DWR for aggregates 
(Fig. 16a) and BF95 𝑚(𝐷 ) (Fig. 16b). For ice spheroids that follow the 𝑚(𝐷 ) of 
aggregates, the residuals are evenly distributed around 0 (mean value of +0.08 dB) suggesting 
that this mass-size relation can better explain our measurements in this case. In contrast, the 
measured DWR appeared to be higher than the simulated one for BF95 for the larger part of 
the cloud cross-section (reddish areas) with a mean value of –0.923 dB” 

 
A similar study is also conducted in our manuscript testing mass-size relations similar to that of 
aggregates which considers and almost constant effective density with the size (~ 0.2 g cm–3). The 
retrieval results are shown in our current Fig. 17, also attached here. 
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For a better evaluation of the retrieved parameters, i.e., IWC, and as we do not have auxiliary data from 
January 2019 to evaluate the ice retrieval results, we used snapshots from the MODIS MYD06 product 
(source: https://worldview.earthdata.nasa.gov/, Platnick et al, 2017) for ice water path (IWP). In the 
following figure snapshots for Oberpfaffenhofen (location of POLDIRAD weather radar) and Munich 
(location of MIRA-35 cloud radar) are presented. Snapshots of the colorbar indicating the respective 
IWP value for each location are also shown. 

 
 

The figure shows a gradient of the retrieved MODIS IWP which decreases from west to east. Therefore, 
an averaged value of IWP ~ 90 g m–2 was considered from MODIS for the whole radar cross-section. 
Using our retrieved IWC for the three cases (0.5x, 1x, 2x aggr ρeff) and integrating with height we obtain 
IWP ~ 46 g m–2, IWP ~ 83 g m–2  and IWC ~ 137 g m–2 when the effective density is considered 0.5x, 
1x, 2x times of aggr ρeff, making the 1x aggr ρeff the mass-size relation which can best explain our radar 
measurements for that scene. In all cases, the ice particles were assumed oblates and that they follow an 
exponential PSD. 

 
The introduction to the discussion section points out two a priori assumptions on the particle properties 
as limitations of the method: the already discussed mass-size relation and the choice of particle model 
between oblate and prolate spheroids, missing to point out the much more crucial assumption of 
spheroids in general. This continues in the discussion of “unsuitability” of the BF95 mass-size relation, 
where no other reasons for the very low ZDR than the low density, seemingly exclusively resulting from 
the m(Dmax) assumption is discussed, which is re-iterated in the conclusions. 
 
Thank you very much for this comment. The BF95 mass-size relation has been widely used in ice cloud 
studies before (e.g., Hogan et al., 2012 and many more) yielding good results in comparison to 
observations. Investigating how suitable the BF95 is, we notice that using BF95, which is known to 
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predict low density for large particles when combined to ice spheroids, we cannot produce high ZDR 
signals but only for very small and dense particles, and not for less dense and larger ice particles with 
larger DWR values. Therefore, the “unsuitability” of this mass-size relation when ice spheroids are used 
lies in the fact that it cannot explain our ZDR measurements due to the homogeneity that the spheroid 
model suggests and due to the missing sharp edges of the ice aggregates, which are known to give high 
ZDR, when these are considered to be approximately represented by a spheroid.  This explanation is 
now added in the current version of our manuscript.  

 
As source for their aggregate model, the authors cite Yang et al. (2000). I find this highly misleading. 
Yang et al. (2000) (as well as a range of follow-up papers building on it and extending it, including 
Hong et al., 2009, and Ding et al., 2017) targets the explicit modeling of scattering properties of 
irregularly shaped particles. The irregular, non-spherical and(!) non-spheroidal(!) shape is the crucial 
aspect of their shape model, the core element of that research. The authors of this study, however, reduce 
this complexity to the minor aspect of the underlying mass-size relation (L356: “another m(Dmax) that 
we use is the aggregates from Yang et al. (2000)”, falsely implying the equivalence of the m(Dmax) 
with the entire Yang et al. aggregate definition). Mass-size relation is likely the most un-aggregate-ish 
characteristic of the Yang aggregate model, was – probably – selected with not much care at that time 
(is that even originating from Yang et al. themselves, or where has it been taken from by Yang et al.?), 
and has been pointed out as a shortcoming of the Yang-aggregates by other authors (e.g. Eriksson, 2018). 
 
Thank you for pointing out this misleading wording. We indeed only adapted the mass-size relationship 
corresponding to aggregates from Yang et al. (2000) to construct corresponding soft spheroids. You are 
right that the aggregates were initially designed as a specific aggregation of 8 hexagonal elements (Yang 
and Liou, 1998) for which an m(D) was only fitted afterwards (Eq. 12 with parameters from Table 2 in 
Yang et al., 2000). In numerous studies, however, their microphysical (e.g., Baum et al., 2005) as well 
as their scattering properties (e.g., Eichler et al., 2009; Ewald et al., 2021) have turned out to be a 
versatile tool to explain remote sensing data from ice clouds. Moreover, after reading Eriksson et al. 
(2018, or 2015?), we could not find the mentioned shortcoming of Yang-aggregates. On the contrary, 
their triple-frequency signature (DWR ,  vs DWR , ) in Fig. 13 (Eriksson et al., 2018) seem to be 
quite capable to reproduce also radar measurements, e.g. compare Fig. 10 in Kulie et al. (2014). In this 
work, we chose this m(D) relationship with a higher and constant ice crystal density as a contrast to the 
lower-density m(D) of BF95. 

To avoid the misleading confusion between the m(D) with the entire Yang et al. aggregate definition, 
we changed the wording throughout the manuscript and revised the paragraph which introduce this 
second m(D) relationship: 
 

“While the effective density of a spheroid decreases strongly with its size due to the exponent 
b=1.9 in BF95, we contrast this with a second 𝑚(𝐷 ) with a higher and constant density. To 
that end we borrowed the 𝑚(𝐷 ) from the irregular aggregate model from Yang et al. (2000) 
to create soft spheroids with an analog mass-size ratio. Originally, the construction of these 
aggregates was fully described in Yang and Liou (1998) as an aggregated collection of 
geometrical hexagonal columns. In our study, this second soft spheroid model only emulates the 
maximum dimension and mass of the underlying aggregates.” 
 

To justify reference to Yang, it would be interesting to see how the scattering properties of the authors’ 
aggregates compare to microwave properties of the actual, irregularly shaped aggregate of Yang. As far 
as I am aware, they are not available for preferential orientation, but both Ding et al. (2017) and Eriksson 
et al. (2018) provide scattering properties for this habit (“8-column aggregate”) at radar wavelengths for 
totally randomly orientation, which should allow for a comparison of the predicted reflectivities and 
dual-wavelength ratios. 
 

Thank you for this comment. After your interesting suggestion, we compared microphysical 
properties of our ice spheroids that follow the aggregates mass-size relation assumption from Yang et 
al. (2000) to aggregates from the Atmospheric Radiation Measurement (ARM) scattering database (Lu 
et al., 2016). In the following plots we attach some of the comparison results. Both figures show 
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comparisons between soft spheroids (dots in the scatter plot) and low-density ARM aggregates (LD-
P1d, crosses in the scatter plot).  

 

        
 

In the left plot we used the soft spheroids analog to the m(D) of aggregates from Yang, while we 
used the soft spheroids from our study with double the density of m(D) from Yang for the right plot. 
With the doubled density, the agreement between T-matrix soft spheroids and ARM aggregates is 
obviously better. In the first case, with the original effective density, the soft spheroids produce 1 dB 
lower ZDR than these simulated with the generalized multiparticle Mie method (GMM) in ARM. We 
are planning to continue these kind of studies in our next paper (also including the suggested database 
from Ding et al. (2017) and Eriksson et al. (2018)), which is already in preparation. In case of interest, 
we could already include such a comparison in our manuscript Appendix. 

 
 
Minor comments: 

L376: Could you provide a reference for that Dm from the equation you provide is the Median mass 
diameter? In my understanding, when D therein is the melted mass equivalent diameter, then Dm is the 
mean mass diameter. Are median and mean really equal here?  

 
The present formula indeed referred to mean mass diameter. Thank you for pointing this out. The 

definition has been changed now to ∫ 𝑚𝑁(𝐷)𝑑𝐷 =  𝐼𝑊𝐶 from e.g., Ding et al. (2020). 

 
L384: Please specify more precisely, what Maxwell-Garnett approach was used, in particular what 

material forms the matrix, what the inclusions, as this can make a lot of a difference (see e.g. Eriksson, 
2015).  

In this work, ice spheroids were assumed to have been formed with the inclusion of air in the 
medium of ice. We also added a new paragraph in the introduction (Sect. 3.2.1 Soft spheroid model: 
Refrective index) describing the way that these particles are formed. In particular we write: 

 
“Our soft spheroid model uses the effective medium approximation (EMA) to model the 

refractive index of the composite material as an ice matrix with air inclusions following the 
Maxwell-Garnett (MG) mixing formula given in Garnett and Larmor (1904): 

                                                          = 𝑓                                                                    (4) 

with, 
𝑒 , 𝑒 : the permittivities of the medium and the inclusion, respectively, 
𝑒 : the effective permittivity, 
𝑓 : the volume fraction of the inclusions. 
The complex refractive index, m, is then calculated from 𝑚 =  𝑒 . In the framework of the 
EMA, the electromagnetic interaction of an inhomogeneous dielectric particle (components 
with different refractive indices) can be approximated with one effective refractive index of a 
homogeneous particle (e.g., Liu et al., 2014; Mishchenko et al., 2016). In Liu et al. (2014), 
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internal mixing was proven to best represent the scattering properties of hydrometeors. Here, 
the refractive index is modelled as an internal mixing of ice with air inclusions which are 
arranged throughout the ice particle. The same work also pointed out that the size parameter 

𝐷 =  for each of these air inclusions should not be larger than 0.4 (with d as the diameter 

of the inclusion). “ 
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