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Abstract. Polarimetric radars provide variables like the specific differential phase (KDP ) to detect fingerprints of dendritic

growth in the dendritic growth layer (DGL) and secondary ice production, both critical for precipitation formation. A key

challenge in interpreting radar observations is the lack of in situ validation of particle properties within the radar measurement

volume. While high KDP in snow is usually associated with high particle number concentrations, only few studies attributed

KDP to certain hydrometeor types and sizes. To address this, we combined surface in situ observations from the Video In5

Situ Snowfall Sensor (VISSS) with remote sensing data from a polarimetric W-band radar and an X-band radar, along with

modeling approaches. Data was collected during the CORSIPP project, part of the ARM SAIL campaign (winter 2022/2023,

Colorado Rocky Mountains). We found that at W-band, high KDP magnitudes
:
>
::
2 ◦ km−1 can result from a broad range

of particle number concentrations, between 1 and 100 l−1. Blowing snow and increased ice collisional fragmentation in a

turbulent layer enhanced observed KDP values. T-matrix simulations indicated that high KDP values were primarily produced10

by particles smaller than 0.8 mm in the DGL and 1.2
::
1.5

:
mm near the surface. Discrete dipole approximation simulations

based on VISSS data suggested that dendritic aggregates larger than 2.5 mm contributed 10-20% to the measured W-band

KDP near the surface. These findings highlight the complexity of interpreting W-band KDP in snowfall and emphasize the

need for combined in situ observations and radar forward simulations to better understand snowfall microphysical processes.

1 Introduction15

More than 60% of global precipitation is generated through the ice phase (Heymsfield et al., 2020),
:
; therefore, research into

the microphysics of the ice and mixed phase has intensified in recent years. The dendritic growth layer (DGL), a temperature

region roughly between -10 and -20 ◦C, plays a major role in the formation of precipitation through the ice phase. In the DGL,

the difference between the saturation vapor pressure over ice and water is maximized (Wegener-Bergeron-Findeisen process

(Wegener, 1911; Bergeron, 1935)), which leads to a rapid growth of ice into very anisotropic plate-like shapes (Takahashi,20
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2014) while the number concentration is increased through secondary ice production (SIP) mechanisms (e.g. Von Terzi et al.,

2022). A distinct secondary particle mode linked to the formation of new anisotropic particles may be observed at the top of

the DGL as a bimodality in Doppler spectra from vertical pointing measurements (e.g. Moisseev et al., 2015). The origin of

this secondary mode is still debated, theories about its formation were summarized in Von Terzi et al. (2022). Potential sources

include sedimentation of ice particles, primary nucleation due to upward air motion, and some form of SIP mechanism.25

Secondary ice production (SIP) has been identified as a key mechanism that enhances ice particle concentrations at tem-

peratures above the homogeneous freezing temperature (Korolev and Leisner, 2020). SIP involves mechanisms that increase

the number of ice particles without directly relying on primary ice nucleation through ice nucleating particles (INPs) (e.g.,

Hoose and Möhler, 2012; Kanji et al., 2017) or homogeneous freezing at very low temperatures (e.g., Sanz et al., 2013). As

mountainous regions around the globe act as natural water reservoirs, storing water in the form of snow and ice, a special focus30

is put on microphysical processes leading to snow formation in mountain regions. Wind shear and associated turbulence were

found to impact precipitation production and ice microphysics in multiple studies in recent years (e.g. Grazioli et al., 2015;

Ramelli et al., 2021; Dedekind et al., 2023). Grazioli et al. (2015) proposed that splinters from SIP processes can be recircu-

lated in the layer of shear and grow into small oblate ice particles. The area above a shear layer is supplied with supercooled

liquid water (SLW) and ice crystals produced inside the turbulent updrafts. This can favor the growth of anisotropic ice crystals35

in this region and is suspected to cause enhanced ZDR signatures (Hogan et al., 2002; Grazioli et al., 2015). Ramelli et al.

(2021) investigated a turbulent layer in an inner-Alpine valley and found evidence of riming, ice collisional fragmentation and

aggregation inside this layer. During another study in the Alps, Dedekind et al. (2023) recently found that SIP is best predicted

by wind shear. Chellini and Kneifel (2024) found larger ice aggregates and higher concentrations of ice particles in turbulent

layers of Arctic clouds, likely due to increased fragmentation. All SIP processes cause an increase in ice number concentration,40

and depending on the temperature range, the newly formed ice splinters can serve as embryos for the growth of new anisotropic

ice particles (e.g. Grazioli et al., 2015; Luke et al., 2021).

Polarimetric radars can help to detect the fingerprints of dendritic growth in the DGL and SIP processes by transmitting

and receiving polarized electromagnetic waves. The specific differential phase (KDP ) is a polarimetric radar variable utilized

across various frequency bands that is intrinsically dependent on the size and number concentration of hydrometeors. Be-45

cause KDP is very sensitive to high concentrations of anisotropic particles, it is a useful tool for detecting signatures of SIP

in slanted radar measurements. High-frequency radars operating at smaller wavelengths, such as Ka- or W-band, are partic-

ularly effective for detecting small ice particles produced by SIP. These shorter wavelengths yield larger KDP magnitudes

and reduced noise compared to centimeter-wavelength radars (Bringi et al., 2001). Moreover, KDP signals are easier to in-

terpret with respect to other polarimetric variables as they are less affected by wavelength-dependent scattering effects, such50

as non-Rayleigh effects (Lu et al., 2015). KDP can be complemented with other polarimetric variables, such as integrated

differential reflectivity (ZDR), which is independent of number concentration but also sensitive to particle density and as-

pect ratio (Kumjian, 2013). Due to the presence of high number concentrations of anisotropic particles, areas of enhanced

KDP and ZDR are often found as distinct layers in the DGL. These maxima are often not collocated, a discrepancy that
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remains under debate(e.g., Andríc et al., 2013; Moisseev et al., 2015; Oue et al., 2018; Von Terzi et al., 2022, among others)55

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g., Andríc et al., 2013; Moisseev et al., 2015; Oue et al., 2018; Von Terzi et al., 2022).

To explain the behavior ofK DP andZDR in the DGL, the different types of particles present in the upper DGL and also

how they in�uenceZDR andK DP need to be considered. Schrom and Kumjian (2016) distinguished particles into two classes.

The �rst class are isometric (I-type) particles, containing a broad variety of aggregates and ice crystals with irregular or nearly

spherical shape which can be generated throughout the whole cloud depth. The second class are dendritic (D-type) particles,60

containing all pristine dendrites, plates and needles, generally having higher density and more anisotropic shape than I-type

particles. D-type particles grow only in de�ned temperature regimes: from� 20 � C to � 10 � C for dendrites and hexagonal

plates and between� 3 � C and � 8 � C for needles (Schrom and Kumjian, 2016; Grif�n et al., 2018). Grif�n et al. (2018)

followed this particle classi�cation of Schrom and Kumjian (2016) and developed a theory for the origin ofZDR andK DP

signatures inside the DGL. Grif�n et al. (2018) state that I-type particles can produce moderateZDR and quite signi�cant65

K DP if their concentration is suf�ciently high, while D-type particles lead to extremely largeZDR and tangibleK DP , if their

concentration is high enough. They suggested that highZDR signatures are produced by particle populations dominated by

D-type particles because of their very low (or high) aspect ratio and their high density, whereas highK DP is linked to the

overwhelming presence of I-type particles. Grif�n et al. (2018) also made clear that I and D-type particles will mostly coexist,

and that polarimetric radar variables depend on the relative contributions of the I-type and D-type ice particles in the mixture.70

We will revisit their hypothesis later on in our study. SIP in the DGL, although not mentioned by Grif�n et al. (2018), adds an

additional possibility of how a population of I-type particles with lowZDR andK DP signatures transitions into a mix of I and

D-types with tangibleZDR andK DP to the pathways suggested by Grif�n et al. (2018).

The primary challenge in interpreting radar variables lies in the lack of in situ validation of the properties of the particle pop-

ulation within the radar measurement volume. Various approaches have sought to address this, including the use of radar data in75

conjunction with airborne in situ measurements, ase.g.in the HALO-AC3 (Wendisch et al., 2024) and IMPACTS (Dunnavan

et al., 2022) campaigns. Alternatively, surface in situ precipitation measurements have been used to validate polarimetric radar

observations, as demonstrated in studies employing scanning C-band radars and a NASA Particle Video Imager (Moisseev

et al., 2015), or collocated polarimetric radars and disdrometers during �eld campaigns such as GLACE (Grazioli et al., 2015)

and TRIPEx (Dias Neto et al., 2019).80

The unique dataset presented in our study features continuous measurements from the slanted polarimetric W-band radar

(LIMRAD94, type RPG-FMCW-94-DP (Küchler et al., 2017)), situated in close proximity to the Video In Situ Snowfall Sensor

(VISSS; (Maahn et al., 2024)). It enables us to directly link polarimetric radar variables to hydrometeor population properties

observed by VISSS at the ground and investigate the origin ofK DP signatures at W-band. The data was collected within the

Characterization ofo
::
Orography-in�uencedr

::
Riming ands

:
SecondaryiI ce production and their effects onp

:
Precipitation rates85

using radarp
:
Polarimetry and Doppler spectra (CORSIPP) project, which is part of the DFG Priority Programm SPP-PROM

(Trömel et al., 2021). CORSIPP was embedded in the Atmospheric Radiation Measurement (ARM) Surface Atmosphere

Integrated Field Laboratory (SAIL) campaign (Feldman et al., 2023) during the very snow-rich winter season 2022/2023 in

the Colorado Rocky Mountains. The data of LIMRAD94 is complemented by other collocated radars like the dual polarization
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Figure 1. Field of view of LIMRAD94 during CORSIPP pointed at 151� azimuth. The red arrows mark the locations of AMF2, VISSS and

CSU X-band.

Colorado State University X-band radar (CSU X-band) (He�in et al., 2024), and the single polarization Ka-band ARM Zenith90

Radar (KAZR, (Widener et al., 2012)). The measurement site was strongly in�uenced by orographic turbulence, hence we also

aim to elucidate the in�uence of turbulence on polarimetric variables and investigate possible SIP �ngerprints.

In Sect. 2, we describe the used data with a special focus on polarimetric radar variables in 2.1.1. The modeling approaches

are described in Sect. 2.4. The fall streak tracking method and eddy dissipation rate retrieval are described in Sect. 2.5 and

Sect. 2.6, respectively. In Sect. 3.1, we provide statistics on VISSS-derived number concentration and the ratio of the third to95

the second measured PSD moments (D32) along with collocated LIMRAD94K DP measurements. In a case study of four fall

streaks, we analyzeK DP , integrated and spectralZDR , re�ectivity (Ze), spectral width (SW), and correlation coef�cient (� hv )

to identify the particles and microphysical processes contributing to the observedK DP magnitudes (Sect. 3.2). Combining T-

matrix modeling and CSU X-band data, we try to constrain the particle size responsible for the observedK DP magnitudes

(Sect. 3.3). We also aim to quantify the contribution of aggregates larger than 2.5mm to the observed W-bandK DP in Sect.100

3.4. The main �ndings are summarized in Sect. 4.

2 Data and Methods

In the following sections, the instruments used during this study and their variables are described. We also provide an overview

over
::
of the used modeling approaches as well as the retrievals for the fall streaks and the eddy dissipation rate.
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2.1 Radars105

During CORSIPP, LIMRAD94 was mounted on a novel cold-temperature scanning unit, also manufactured by RPG. LIM-

RAD94 was deployed at an altitude of 2905m at the Rocky Mountain Biological Laboratory (RMBL) about 525m away from

the second ARM Mobile Facility (AMF2) in Gothic (CO) near the RMBL Ore House between November 15, 2022 and June

5, 2023. LIMRAD94 observations were collected at constant elevation of 40 ° and an azimuth of 151 ° (towards the VISSS,

AMF2 and the CSU X-band radar). The temporal resolution of LIMRAD94 data is about 3s. Further technical details on the110

deployment of LIMRAD94 and VISSS during CORSIPP can be found in Kalesse-Los et al. (2023). The technical details of the

radar chirp program employed during CORSIPP are listed in Tab. A1. For SAIL, the ARM KAZR (Widener et al., 2012) and

a scanning dual polarization X-band radar (CSU X-band) from Colorado State University (CSU) were deployed in a distance

of 525m (at 151 ° azimuth and 2889m ASL) and 8018m (at 149 ° azimuth and 3147m ASL), respectively
:
, from LIMRAD94

(also see Appendix, Table B1 and Fig. B1). From the CSU X-band radar data, RHI scans at 329 ° azimuth (towards the AMF2115

and LIMRAD94) and plane position indicator (PPI) scans at 4 ° elevation were used in this study. In the appendix, Sect. B we

also brie�y discuss the volume matching of the CSU X-band radar and LIMRAD94 data.

2.1.1 Polarimetric radar data

LIMRAD94 is capable of measuring spectrally resolved polarimetric variables like differential phase shift and differential

re�ectivity, among others. Polarimetric calibration of LIMRAD94 was performed at the beginning of the �eld campaign during120

a time of vertical pointing measurements as described in Myagkov et al. (2016a).

The differential phase shift (� DP , � ) consists of a backscatter and a propagational part as given by:

� DP (r ) = � (r ) + 2

rZ

0

K DP (s) ds (1)

where� ( � ) is the backscatter differential phase that occurs due to non-spherical hydrometeors large enough relative to the radar

wavelength such that the scattering is in the non-Rayleigh regime (Trömel et al., 2013). The speci�c differential phase shift125

(K DP , � km� 1) is the range derivative of the propagational component of� DP . Hence, to accurately calculateK DP , � needs to

be estimated and subtracted from� DP �rst. The estimation of� in rain was thoroughly discussed ine.g.,Trömel et al. (2013)

and Myagkov et al. (2020)
::::::::::::::::::::::::::::::::::::::
(e.g., Trömel et al., 2013; Myagkov et al., 2020). However, for most frozen hydrometeors,� was

found to be negligible in the S, C, and X-bands (Balakrishnan and Zrnic, 1990; Ryzhkov et al., 2011; Trömel et al., 2013). In

spectrally resolved� DP data,� can be detected by a sudden increase or decrease of� DP in parts of the Doppler spectrum.130

Consequently, also integrated� DP often reveals characteristic "bumps" if� is present (Trömel et al., 2013). During the case

study presented, we checked integrated and spectral� DP for the above mentioned signs of� that may impair the interpretation

of K DP signatures. However, we found� during our case study to be negligible. For LIMRAD94 and CSU X-band, theK DP

was calculated from� DP using a convolution with low-noise Lanczos differentiators with window length of 23 gates. This

method provides results that are analogue to a moving window linear regression and is implemented in the python package135

wradlib (Heistermann et al., 2013).
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K DP depends on the shape, orientation, concentration, density and the size of ice particles. High concentrations of dense

particles with more anisotropic shape and uniform orientation cause highK DP values. In rain,K DP is proportional to the

3rd power of the particle size (K DP ~D 3). In low density snow,K DP is proportional to the 1st power of the particle size

(K DP ~D 1) due to density of snow being inversely depended on the diameter (� ~D � 1). As the degree of riming increases,140

the proportionality ofK DP shifts towards a higher power of the particle size, re�ecting changes in the snow density. However,

the in�uence of riming onK DP is contradictory: while riming increases the density of particles and henceK DP , riming also

makes particles more spherical reducingK DP (Ryzhkov and Zrnic, 2019).K DP is also in�uenced by turbulence through its

dependency on the width of the canting angle distribution (� ) via the orientation factor (F0), which is a function of� (Ryzhkov

et al., 2002; Ryzhkov and Zrnic, 2019). The canting angle is de�ned as the angle between the projection of a symmetry axis of145

a spheroidal particle and the vertical axis onto the polarization plane (Ryzhkov et al., 2002). If the canting angles of particles

in a population differ a lot, the width of the canting angle distribution increases. The stronger the turbulence, the larger� , the

smallerF0 and hence the smallerK DP .

The differential re�ectivity (ZDR , dB) is commonly de�ned as:150

ZDR = 10 � log10

�
ZeH

ZeV

�
(2)

where(ZeH ,
:
(mm6 m� 3) is the

::::::::
equivalent

:
radar re�ectivity measured at horizontal polarization and(ZeV ,

:
(mm6 m� 3) is the

::::::::
equivalent

:
radar re�ectivity measured at vertical polarization. At W-band, the largest contribution to positiveZDR values (in

the ice phase) is usually made by the most dense anisotropic ice, small enough to be in the Rayleigh scattering regime, usually

located on the slow edge of the Doppler spectrum. Contrary toK DP , ZDR is immune to the total concentration factor, so the155

combined analysisK DP andZDR can be helpful to decouple effects of shape and concentration. Larger, strongly rimed, or

aggregated hydrometeors, typically located on the fast side of the Doppler spectrum, are more spherical and exhibit lowZDR .

SinceZDR is re�ectivity-weighted, its magnitude is often reduced by the in�uence of these larger, spherical particles (e.g.

Oue et al., 2018). To useZDR without suffering from this masking effect, we also calculate the maximum spectralZDR value

(sZDR max ) for each Doppler spectrum. As demonstrated in Von Terzi et al. (2022), this parameter is ef�cient for detection160

of small non-spherical particles masked by presence of large, more spherical particles like aggregates. Similar toK DP , ZDR

is depend on� (Hubbert and Bringi, 2003; Ryzhkov and Zrnic, 2019) and hence also decreased by turbulence.sZDR max is

furthermore decreased by turbulence through the broadening of the Doppler spectrum. Imagine that only one type of particle

in a radar volume, moving with a certain terminal fall velocity, producesZDR larger than zero.sZDR max is high because the

positiveZDR is measured at one certain Doppler velocity bin. If the fall velocity is now determined by turbulent air motion165

rather than the particles inherent terminal fall velocity, the particles producing the positiveZDR are "distributed" over a larger

range of Doppler velocities and theZDR at one certain Doppler velocity bin decreases. It is therefore essential to consider

turbulence before interpreting anyK DP or ZDR signatures.
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LIMRAD94 was measuring at 40, ° elevation, which will causeZDR and alsoK DP to be smaller than at lower elevation

angles (e.g., Myagkov et al., 2016b). This should be taken into account when comparing the bulk values with other studies170

usingZDR andK DP but at different elevation angles.

2.2 VISSS

The �rst generation VISSS was installed next to the AMF2 facility, in the line of sight of LIMRAD94 with a horizontal

distance to LIMRAD94 of approximately 550m (Fig. 1). VISSS1 has a pixel resolution of 58.832 µm px� 1, a frame rate of

140Hz, and an observation volume of (wxdxh) = 75.2 x 75.2 x 60.1mm3 (Maahn et al., 2024). This yields an observational175

volume of 0.000339m3. VISSS level2match variables (see Fig. 2 in Maahn et al. (2024)) used in this study include particle

size distributions (PSD),D32, complexity
::
(c)

:
and total number concentration (N tot ) .

::
and

:::::
slope

:::
of

:::
the

::::
PSD

::::
(� ).

:::::::::
Following

::::::::::::::::
(Maahn et al., 2024)

:
,

:::
the

:::::::::
complexity

::
c

:
is

:::::::
derived

::::
from

:::
the

::::
ratio

:::
of

:::
the

::::::
particle

::::::::
perimeter

::
p

::
to

:::
the

::::::::
perimeter

::
of

::
a

:::::
circle

::::
with

:::
the

::::
same

::::
area

::
A

:
:

c =
p

2
p

�A
:

:::::::::

(3)180

:::
The

:::::
slope

::::::::
parameter

::
of

:::
the

:::::
PSD

:::
(� )

::
is

::::::
derived

:::::
using

:::
the

::::::::
de�nition

::
of

::::::::::::::::
Maahn et al. (2015)

:
:
:

� = N0=Ntot
::::::::::

(4)

:::::
where

:::
N0 ::

is
:::
the

:::::::
intercept

:::::::::
parameter

::
of

:::
the

::::::::::
exponantial

::::
PSD.

:

D32 is the ratio of the third to the second measured PSD moment. Assuming that particle mass is proportional to the particle

maximum dimension squared,D32 is a proxy for the mass-weighted mean diameter of the particle population (Maahn et al.,185

2015). Complexity is derived from the ratio of the particle perimeter to the perimeter of a circle with the same area (Maahn

et al., 2024). The total number concentration reaches values of over 100l � 1 in this case study, which may seem unusual at �rst

when comparing to other literature. VISSS is however more sensitive to small particles than laser disdrometers as shown by

Maahn et al. (2024). This is likely the reason for the observed particle concentrations. All diameters used refer to the maximum

diameter (Dmax ), unless otherwise speci�ed.190

2.3 Additional products

During our study, we used additional data acquired at the AMF2 such as 2m temperature, pressure, relative humidity, and

wind speed as well as ARM 3-channel microwave radiometer liquid water path (LWP ) and integrated water vapor (IWV );

a detailed list can be found in the code and data availability section. Vertical temperature pro�les on site are provided by

the ARM interpolated sonde and gridded sonde VAP (Fairless et al., 2021). The sounding data, collected on site through two195

radiosonde launches per day (11 and 23UTC ) is transformed into continuous daily �les with 1-minute time resolution and

combined with ARM 3-channel microwave radiometer temperature data.
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2.4 Modeling of radar observables

To interpret radar observations and constrain quantitative estimates of the microphysical properties of ice particles, scattering

simulations are employed.200

2.4.1 T-matrix

The �rst approach approximates the shape of a particle as a spheroid and simulates its backscattering and forward scatter-

ing properties using the T-matrix scattering model (Mishchenko, 2000), hereafter referred to as the T-matrix approach. For a

given wavelength, this method requires only three parameters: the equivolumetric diameter, the axis ratio, and the refractive

index. The refractive index, which depends on the fraction of ice and air (Oguchi, 1983), can be adjusted to model ice parti-205

cles with varying ice densities (Myagkov et al., 2016b). For simplicity, we assume the horizontal alignment of ice particles,

albeit acknowledge that a broader distribution of canting angles generally leads to less pronounced polarimetric signatures.

The T-matrix approach is computationally ef�cient; however, it is most applicable when the particles are smaller than the radar

wavelength. Large ice particles, which tend to have highly irregular shapes, are not well-represented by the spheroidal approx-

imation, particularly for short radar wavelengths. This limitation makes the T-matrix approach less suitable for modeling the210

scattering of rimed particles and aggregates at millimeter wavelengths (Leinonen et al., 2012; Kneifel et al., 2015).

2.4.2 DDA

For simulating the scattering of large ice particles at millimeter wavelengths, the Discrete Dipole Approximation (DDA) is often

employed. This method allows for an accurate approximation of the scattering properties of individual particles with arbitrary

shapes. However, DDA is computationally intensive and requires detailed speci�cations of the particle geometry which is215

generally unknown. Here, we randomly selected 105 unrimed dendritic aggregates from the snowScatt database (Ori et al.,

2021), spanning maximum dimensions of 100 µm to 4cm. As the falling behavior of snow�akes is determined by the complex

interactions between aerodynamical and gravitational forces and is further complicated by e.g., turbulence, we assume that

the snow�akes fall with their maximum extension oriented horizontally. The DDA for the dendritic aggregates was calculated

usingadda(Yurkin and Hoekstra, 2011) at 94GHz and 40� elevation, and averaged over 16 azimuth orientations.220

2.4.3
::::::::
Rationale

:::
for

:::
the

::::::::::::
applicability

::
of

:::::::::
scattering

::::::
models

:::
The

:::::::
primary

::::
aim

::
of

:::::::::
employing

:::::::::
scattering

::::::
models

::
in

::::
this

:::::
study

::
is

::
to

:::::::
identify

:::
the

:::::
types

:::
of

:::
ice

:::::::
particles

::::
that

::::::::
contribute

:::
to

:::
the

:::::::
observed

:::::
K DP :::::::::

signatures,
:::::
rather

::::
than

::
to

::::::::
establish

:
a

:::::::
retrieval

:::::::
method.

:::::
Since

:::
the

:::::::
T-matrix

::::::::::::
approximation

::::
uses

:::::::::
spheroids,

:
a
:::::
clear

::::::
relation

:::::::
between

:::
the

::::::::
K DP /Ze:::::

ratio
:::
and

:::
the

::::
size

:::
and

::::::
aspect

::::
ratio

:::
of

:::
the

:::::::
spheroid

:::
for

::
a

::::
�xed

::::::::
apparent

:::
ice

::::::
density

::
is

::::::::
possible.

:::::
While

::::
this

::::::::
approach

::
is

:::::::::
simpli�ed,

::
it

:::::
yields

::::::::::
suf�ciently

::::::::
accurate

::::::
results

:::
for

::::::::::
preliminary

::::::::::
conclusions,

::::::::::
particularly

::::::
when

:::
the225

:::::::
particles

:::
are

::::::
smaller

:::::
than

:::
the

:::::
radar

::::::::::
wavelength,

:::::
where

::::
the

:::::::
accurate

:::::
mass

:::::::::
distribution

::::::
inside

::
of

:::
the

:::::::::
simulated

::::::
particle

::
is

::::
not

::
as

::::::::
important

::
as

:::::
when

:::::::
particle

:::
size

::::
and

::::::::::
wavelength

::::::
become

:::::::::::
comparable.

:::
As

::
for

:::::
DDA

:::
we

:::
use

:::::
more

:::::::
detailed

::::::
shapes,

::::::
�xing

:::
the

:::::::
effective

::::::
density

::
is

:::
not

::::::::
possible

:::
and

::::
such

::
a

::::
clear

::::::::::
relationship

::::
can

:::
not

:::
be

:::::
found.

:::::::
Further,

:::
we

:::
do

:::
not

::::
have

:::::::
precise

::::::::::
information
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::::
about

::::
the

:::
size

:::
or

:::::
shape

::
of

:::
the

::::::::
observed

::::::::
particles.

:::
We

::::::::
therefore

:::::::
applied

:::
the

:::::::::
spheroidal

::::::::::::
approximation

:::
and

::::::::
T-matrix

::::::
model

::
at

::::::
X-band,

::::
the

:::::
lowest

:::::::::
frequency

::::::::
available

::
in

:::
our

:::::::::
campaign

::::
with

:
a
:::::::::

collocated
::::::::::::
measurement

:::::::
volume,

::
to

:::::
assess

::::
the

::::::::
sensitivity

:::
of230

::::
K DP ::::

and
:::
Ze ::

to
::::::
particle

::::
size

::::
and

:::::
aspect

::::
ratio

::::::
(Sect.

::::
3.3).

::::
This

:::::::
analysis

::::
also

::::
aids

::
in

::::::::::
determining

:::::::
whether

:::::
K DP :::::::::

signatures
:::
are

::::::::::::
predominantly

::::::::
generated

:::
by

:::::
larger

::::::::
particles.

::::::::::
Conversely,

:::
the

:::::::
T-matrix

:::::::
method

::::::::
produces

:::::
larger

:::::
errors

::
at

:::::::
W-band

:::::::::::
frequencies,

:::::
where

:::
the

::::::
shorter

:::::::::
wavelength

::::::
means

:::::::::::
non-Rayleigh

::::::::
scattering

::::::
effects

:::
and

:::
the

:::::::
accurate

::::::::::
description

::
of

:::
the

::::
mass

::::::::::
distribution

::
in

:::
the

::::::
particle

:::::::
become

:::::::
relevant

::::::::::::::::::::::::::::::::::::
(e.g. Ori et al., 2021, and references therein).

::::
This

::
is

:::::::::
especially

::::
true

::
for

::::::::
particles

::::
with

:
a
::::
low

:::::::
density,

::::
such

::
as

:::::::::
aggregates.

::::::::::
Describing

::
an

::::::::
aggregate

::::
with

::
a

:::
soft

::::::::
spheroid

::
is

::::::::::
problematic,

::
as

:::
the

::::::::
effective

::::::
density

::
in

:::
the

::::::::
spheroid

:::::
needs235

::
to

::
be

:::::
small

:::
to

::::::::
accurately

::::::
match

:::
the

::::
size

::::
and

::::
mass

:::
of

:::
the

:::::::::
aggregate.

::::
This

::::::
causes

:::
the

::::::::::::
(polarimetric)

:::::::::
scattering

::::::::
properties

:::
of

:::::::::
aggregates

::
to

::
be

:::::::::::::
underestimated

::
by

:::
soft

::::::::
spheroid

:::::::
methods

::::
such

::
as

:::
the

:::::::
Tmatrix

:::::::::::::::::
(e.g. Ori et al., 2021)

:
.

::::::::::::
Consequently,

::
to

:::::::
estimate

::::
K DP ::::

and
::
Ze:: at

:::::::
W-band

:::
for

:::
the

:::::::
particles

:::::::
detected

::::
with

:::
the

:::::::
VISSS,

:::::::::
particularly

::::::::::::
concentrating

::
on

:::::::
dendrite

::::::::::
aggregates,

:::
we

:::
opt

::
to

:::
use

::::
DDA

::::::::::::
computations

:::::
(Sect.

::::
3.4).

2.5 Fall streak tracking240

Hydrometeor populations are in�uenced by horizontal and vertical winds as they precipitate to the surface and are hence

exposed to advection. To estimate their microphysical evolution and to link ground observations with radar measurements

aloft, these hydrometeor populations need to be observed along slanted fall streaks in vertical radar measurements. The analysis

of the fall streaks is mostly achieved by reconstructing the advection using the present wind measurements (Marshall, 1953;

Kalesse et al., 2016; P�tzenmaier et al., 2017). As no suf�ciently high resolution wind data is available for our case study, we245

decided to analyze fall streaks with the simple approach of following maximumZe values backwards from surface to cloud

top. Speci�cally, theZe at the start point is compared to the medianZe of the next three higher range gates. The time difference

between two neighboring range gates is not allowed to exceed2� h
v t

where� h is the height difference inm between the range

gates andvt is the mean Doppler velocity (MDV) measured by KAZR. The maximumZe is chosen as the next point along

the fall streak, and the process is repeated. This iterative process determines the suspected course of the fall streak in time and250

height. We acknowledge that horizontal homogeneity has to be assumed, especially for slanted measurements. Because the

main wind direction in our case study is westerly, but the radar is pointing south-east it is obvious that we will never observe

the exact same particles along their way to the ground.

2.6 Turbulence eddy dissipation rate retrieval (EDR )

Turbulence plays a critical role in understanding the evolution of hydrometeor populations and the behavior of polarimetric255

radar variables. The turbulence eddy dissipation rate (EDR ) is used as a proxy for turbulence.EDR is the rate at which

turbulence kinetic energy dissipates in the atmosphere (Foken and Mauder, 2024). HighEDR values indicate a more turbulent

environment. We calculatedEDR from the KAZR MDV for �ve minute time intervals, using the approach described in

(Vogl et al., 2024). To mask turbulence, we applied an empirical threshold of 0.001m2s� 3 similar to the one found by Vogl

et al. (2022). Note that the radar beams of KAZR and LIMRAD94 during CORSIPP were not aligned, so the measurement260
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