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Abstract Dual‐frequency dual‐polarization radar observations of the melting of two ice populations in a
stratiform rainfall event are presented. The observed phenomenon occurs as a two‐layer linear
depolarization ratio (LDR) signature in a single radar bright band. Doppler spectra observations show that
the upper LDR layer is caused by the melting of ice needles, potentially generated by the rime‐splintering
process, while the lower one is mainly due to the melting of background ice particles formed at the
cloud top. The melting signal of small needles acts as a unique benchmark for detecting the onset of melting
and is used to verify the current methods for the identiﬁcation of melting layer boundaries. The
radar‐derived characteristics of the melting layer are found to be dependent on the radar variable and
frequency used. The implications of the presented ﬁndings for radar‐based studies of precipitation properties
in and above the melting layer are also discussed.

Plain Language Summary The melting layer of precipitation is a relatively narrow layer where
snowﬂakes melt into raindrops. This layer is clearly visible in weather radar observations and is often
called the “ bright band” because of the stronger radar return coming from this region. In this paper, we
present an event where two layers of melting ice particles, as indicated by dual‐polarization radar
observations, are present inside one bright band. Using state‐of‐the‐art radar observations, we show that
this phenomenon is caused by the melting of two ice particle populations. The upper layer is due to the
melting of ice needles that are potentially generated by the rime‐splintering process, and the second layer is
caused by snowﬂakes that have formed at the cloud top. The measurements presented illustrate the
complexity of ice clouds, where several populations of ice particles might coexist and evolve. We show how
the multifrequency radar observations that are currently becoming more and more prevalent can be used
to get a glimpse into the precipitation processes taking place in and above the melting layer. We also discuss
how currently used methods to describe melting layer properties may be biased depending on what radar
observations are used.

1. Introduction

©2020. The Authors.
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The majority of rainfall in middle to high latitudes over land originates from ice clouds (Field & Heymsﬁeld,
2015; Mülmenstädt et al., 2015). The region where snowﬂakes melt into raindrops typically occupies a relatively narrow layer, namely, the melting layer (ML), in stratiform precipitation (Fabry & Zawadzki, 1995). It
is, nonetheless, important for precipitation development. Through latent heat exchange it can inﬂuence the
dynamics of precipitation systems (Stewart et al., 1984; Szeto et al., 1988) and the local ambient environment
(Carlin & Ryzhkov, 2019). On the other hand, it has been found that the macroscale properties of the ML are
modulated by precipitation microphysical processes taking place inside (Heymsﬁeld et al., 2015) and above
the ML (e.g., Fabry & Zawadzki, 1995; Kumjian et al., 2016; Wolfensberger et al., 2016). Even though
detailed observations of the ML are performed using aircraft penetrations, they are limited to measurement
campaigns and do not provide continuous records. Ground‐based radars have been widely employed for ML
studies (e.g., Fabry & Zawadzki, 1995; Grifﬁn et al., 2020; Kumjian et al., 2016; Li et al., 2020; Russchenberg
& Ligthart, 1996; Trömel et al., 2019). However, radar interpretations of the ML are still challenging largely
due to the uncertainties in microphysical processes that take place in the ML (Heymsﬁeld et al., 2015) and
how snowﬂake melting modiﬁes particle physical (Leinonen & von Lerber, 2018) and scattering properties
(Ori & Kneifel, 2018).
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The manifestation of the ML in traditional cm‐wavelength weather radar observations is a layer of enhanced
radar reﬂectivity, which is often referred to as the bright band. In stratiform precipitation, the bright band is
an excellent indicator of the ML (Fabry & Zawadzki, 1995). This distinct feature has been utilized in detecting the ML boundaries and inferring cloud microphysical properties above (Zawadzki et al., 2005). On the
other hand, if not taken into account, it can bias the radar‐based quantitative precipitation estimation
(Fabry et al., 1992; Smyth & Illingworth, 1998). The rapid increase of the dielectric properties of snowﬂakes
due to melting also leads to some unique characteristics of dual‐polarization radar measurements in the ML,
such as the signiﬁcant dip in the co‐polar correlation coefﬁcient ρhv (e.g., Giangrande et al., 2008; Matrosov
et al., 2007; Ryzhkov & Zrnic, 1998; Wolfensberger et al., 2016; Zrnic et al., 1993), increased values of differential reﬂectivity Zdr (e.g., Hall et al., 1984; Kumjian et al., 2016; Ryzhkov & Zrnic, 1998; Zrnic et al., 1993),
and linear depolarization ratio (LDR, e.g., Dias Neto et al., 2019; Le & Chandrasekar, 2012; Smyth &
Illingworth, 1998). Those polarimetric observations show reasonably good agreement with radar reﬂectivity
(Brandes & Ikeda, 2004) and have been applied to identify the ML for radars (e.g., Dias Neto et al., 2019;
Giangrande et al., 2008; Kumjian et al., 2016; Wolfensberger et al., 2016). Numerical simulations have indicated that the backscattering properties of melting ice particles are affected by radar frequencies (Tyynelä
et al., 2014), while there seems to be a lack of comparisons of those polarimetric observations at different
radar bands.
Our interpretation of the ML signatures is often based on the assumption of one population of ice particles
undergoing transformation due to the melting. Therefore, the radar signatures observed have been used to
infer changes in the particle properties, such as shape, size, and melting fraction of the single particle population (e.g., Carlin & Ryzhkov, 2019; Russchenberg & Ligthart, 1996; von Lerber et al., 2014). A number of
studies have reported the coexistence of multiple populations of ice particles, for example, as observed in
Doppler radar spectra (Moisseev et al., 2015; Oue et al., 2015; Spek et al., 2008; Verlinde et al., 2013;
Zawadzki et al., 2001). To our knowledge, there are no reports on how multiple ice particle populations modify the properties of the ML. This is important given that more and more efforts being devoted to developing
sophisticated models that attempt to explain dual‐polarization and multifrequency radar observations of the
ML and how it is impacted by ice microphysics (Carlin & Ryzhkov, 2019; Johnson et al., 2016; Ori & Kneifel,
2018; Russchenberg & Ligthart, 1996; Tyynelä et al., 2014). Additionally, a seemingly trivial question on how
to identify the onset of melting in radar observations is not completely resolved (Wolfensberger et al., 2016).
In this study, we present observations of two populations of ice particles undergoing melting, using multifrequency dual‐polarization Doppler radar observations. Furthermore, we show how different estimators
of the ML boundaries perform and ﬁnd that some of them are biased by as much as 100 m.

2. Data
The University of Helsinki Station for Measuring Ecosystem‐Atmosphere Relation II (SMEAR II) is located
in Hyytiälä, Southern Finland (61.845°N, 24.287°E, 150 m above mean sea level). The SMEAR II station
hosts extensive instrumentation for measuring biosphere‐atmosphere interactions, which include cloud
and precipitation sensors. In this study, two vertically pointing radars located at the station are used.
These observations are supplemented by the National Centers for Environmental Prediction (NCEP) reanalysis data set to provide information on the atmospheric state.
2.1. C‐ and W‐Band Radars
Since 2016, a vertically pointing C‐band dual‐polarization Doppler radar (HYytiälä Doppler RAdar,
HYDRA‐C) (Moisseev et al., 2015) has been deployed at the station. In November 2017, the radar measurement setup was extended by the installation of a 94‐GHz dual‐polarization frequency‐modulated
continuous‐wave Doppler cloud radar (HYDRA‐W) (Küchler et al., 2017). In addition to reﬂectivity, LDR,
Doppler velocity, and spectrum width, which are observed by both radars, HYDRA‐W records Doppler spectra. HYDRA‐C operates with a maximum unambiguous Doppler velocity of 4.98 m s−1. The settings of
HYDRA‐W observations depend on the range. Below 996 m, range resolution is 25.5 m and Doppler spectra
are computed using a 1,024‐point fast Fourier transform (FFT) with Nyquist velocity of 10.24 m s−1. For
heights between 996 and 3,577 m, range resolution is kept the same, while the Doppler spectrum is computed using a 512‐point FFT with Nyquist velocity of 5.12 m s−1. As part of spectral processing, the noise
power is estimated for each range gate. Spectral lines that have powers within ﬁve standard deviations
LI AND MOISSEEV
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from the estimated noise power are rejected. For heights above 3,577 m, range resolution is decreased to 34
m, while the Doppler measurements are performed using the same settings. The temporal resolutions of
HYDRA‐C and HYDRA‐W measurements are 1.37 and 3.35 s, respectively.
2.2. NCEP Data Set
The NCEP reanalysis data sets with the grid spacing of 52.6 km are used to derive temperature proﬁles over
the Hyytiälä station. The wet‐bulb temperature is computed based on the predicted air temperature and relative humidity (Stull, 2011). The time resolution of the NCEP data sets is 3 hr. The height resolution is around
0.2 km below 1 km and about 0.5 km between 1 and 4 km. The NCEP data are linearly interpolated into the
time and range resolutions of HYDRA‐W.

3. Observations
3.1. Measurements of Radar Moments
3.1.1. Overview of This Event
During 18–19 April 2018, a stratiform rainfall system with the melting level of around 1.2 km above ground
passed over the Hyytiälä station. According to NCEP, the wind direction changed from westerly to northerly
during this event. From 21:00 UTC to 24:00 UTC on 18 April 2014, the wind between 1 and 2.5 km was more
or less northwesterly with the speeds between 6 and 8 m s−1. As shown in Figure 1, the depth of the precipitating system extended to 4–5 km where the cloud top temperature was −20°C to −15°C. The C‐band radar
reﬂectivity observations show a distinct bright band signature, which descended from ∼1.2 km to ∼0.9 km
during the event. At W‐band, the bright band was not as pronounced, because of non‐Rayleigh scattering
effects (Heymsﬁeld et al., 2008; Kollias & Albrecht, 2005) and attenuation in rain and the ML (Li &
Moisseev, 2019).
3.1.2. Two‐Layer LDR Signature
If we zoom in and study the ML signatures between 21:20 and 22:35 UTC, as presented in Figure 2, we will
see that for about 30 min starting from 21:20 UTC, two distinct LDR layers can be observed. The area presented in Figure 2 is shown by the black rectangle in the Figure 1. These two layers, while clearly visible
in the LDR observations, cannot be identiﬁed in the reﬂectivity and velocity observations at either frequency. This signature is more pronounced in the W‐band measurements because of their higher vertical
resolution. Previous studies have reported observations of double MLs, which were attributed to temperature inversion (Ikeda et al., 2005). However, neither NCEP data nor the closest radiosonde observations
show any evidence of a temperature inversion at this height.
Above the two‐layer LDR region, an area of relatively high LDR values is present. In this area, which extends
to altitudes of around 2.2 km, ice particles exhibit LDR values as large as −16 dB. The air temperature at the
top of this high LDR region is roughly −6°C. Wolde and Vali (2001) have proposed that such high LDR
values in ice can be attributed either to columnar ice crystals or graupel. Oue et al. (2015) have shown that
the LDR signal around −15 dB in snow can be attributed to needle‐like particles based on scattering calculations and observations. The increase of Doppler velocity at both C‐ and W‐bands around the radar bright
band indicates the transition from snowﬂakes to raindrops.
At the later stages of this period, the precipitation intensiﬁes and both radars (Figures 2a2 and 2b2) show a
commonly observed single‐LDR‐layer in the ML. The C‐band LDR observations show a slightly descending
trend as can be identiﬁed between 21:50 and 22:35 UTC. The local sagging of C‐band LDR in the ML
(Kumjian et al., 2016) coincides with two fall streaks at around 22:25 UTC and 22:35 UTC, which can be
explained by the locally enhanced aggregation and precipitation rate (Carlin & Ryzhkov, 2019; Li et al.,
2020). In contrast, W‐band LDR shows less variation in the ML at these times. Smaller particles are usually
lighter than larger ones. After the onset of melting, the liquid volume fraction in smaller particles increases
faster than in larger particles, resulting in a faster increase in the refractive index of small particles (Bringi &
Chandrasekar, 2001). Therefore, W‐band LDR, which is more sensitive to smaller particles, increases more
rapidly than C‐band LDR. In addition, small particles fall more slowly than the larger ones and travel less
distance within a given time. As a result, the altitude where the LDR signiﬁcantly increases is higher at
the W‐band.
LI AND MOISSEEV
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Figure 1. HYDRA‐C (a) and HYDRA‐W (b) observations from 18 April 2014 15:00 to 19 April 2014 06:00 UTC. Gray dashed lines indicate isothermal layers
of −30°C, −20°C, −10°C, and 0°C. High‐resolution views of the observations in black boxes are shown in Figure 2.

3.2. Precipitation Analysis Along Fall Streaks
Changes in the growth conditions of ice particles often lead to the formation of fall streaks that can be
observed in radar measurements (Marshall, 1953; Pﬁtzenmaier et al., 2017), as can be seen in Figure 2a1.
If the vertical wind direction and/or speed change, the fall streaks deviate from the vertical (Lauri et al.,
2012), as is the case during this event. The resulting slanted trails of ice particles can make the ML boundaries indistinguishable if the reﬂectivity proﬁles at vertical incidence are used (Fabry & Zawadzki, 1995).
Therefore, to investigate the origins of the two‐layer LDR signature, analysis is performed along particle
trails as identiﬁed using the radar signatures of fall streaks. To this end, we have identiﬁed three trails that
are marked as A, B, and C in Figure 2a1. These trails were selected to study not only the origin of these
two‐layer signatures but also the transition from two‐layer to single‐layer LDR.
The trails were identiﬁed by tracing the locally enhanced C‐band reﬂectivity observations (Fabry &
Zawadzki, 1995). Because reﬂectivity measurements at the dual‐LDR‐layer region do not exhibit clear fall
streaks, observations at 21:55 UTC were used instead. The identiﬁed trail is marked by the dashed line in
Figure 2a1. Then, the dashed line was shifted to the time of interest, around 21:45 UTC, as shown by the solid
line A. Visual analysis of the shifted trail and the reﬂectivity ﬁeld showed good agreement. Furthermore,
there were no signiﬁcant changes in the wind ﬁeld during these 10 min. Hence, the shifted trail is a good
fall‐streak approximation for this period. Similarly, Trails B and C (solid lines) were traced to study the transition from the two‐layer to the single‐layer LDR region. Since the wind shear may have changed a little during this event, shifting the dashed line to Location A may not be perfect. But this approach presents a much
better view of the falling paths of hydrometeors (Fabry & Zawadzki, 1995). Real‐time trail tracing could have
been possible if the horizontal wind observations had been available (Lauri et al., 2012; Pﬁtzenmaier
et al., 2017).
3.2.1. Trail A in the Two‐Layer LDR Region
To investigate the origin of the phenomenon observed, Doppler spectra analysis was performed. The W‐band
cloud radar records both co‐polar and cross‐polar Doppler spectra, from which Doppler power and LDR
spectra can be computed. The dual‐polarization radar spectra can be used to identify and classify multiple
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Figure 2. Radar reﬂectivity, LDR, and Doppler velocity observed by HYDRA‐C (a1,2,3) and HYDRA‐W (b1,2,3) from 18 April 2014 21:20 to 22:35 UTC. The black
dashed line and solid lines B and C in panel (a1) indicate fall streaks traced using the local maxima of the C‐band radar reﬂectivity. Trail A is obtained by shifting
the dashed line. Dots around 1.2 km indicate the derived melting layer top by using needle‐LDR as discussed in section 3.2.1.

populations of hydrometers (Oue et al., 2015; Spek et al., 2008). Therefore, in addition to reﬂectivity and LDR
proﬁles computed along the trails, power and LDR spectra were also calculated. These observations are
shown in Figure 3. The observed reﬂectivity (blue) and LDR (orange) at C‐ and W‐bands for Trail A are
shown in Figure 3a1. Two layers of enhanced LDR at both bands are present, while only one bright band
can be identiﬁed from C‐band radar reﬂectivity observations. The proﬁles of LDR at both frequencies in
the ML match fairly well. The ﬁrst LDR peak at both bands reaches −13 dB at 1.2 km, followed by
another weaker and lower one (about −18 dB) collocated with the peak of C‐band radar reﬂectivity. As
expected, W‐band reﬂectivity does not exhibit the bright band feature. Then the LDR values at both radar
bands decrease toward the lowest level which conventionally marks the bottom of the ML (Dias Neto
et al., 2019; Le & Chandrasekar, 2012; Sandford et al., 2017) where raindrops are much more symmetric
and the cross‐polar radar signal depends mainly on the cross‐coupling between the polarization channels
(Moisseev et al., 2002).
The Doppler power spectra observed by HYDRA‐W show the presence of two populations of ice particles, as
can be seen in Figure 3a2. The slower falling particles, with the mean Doppler velocity under 1 m s−1, are
generated at altitudes around 2.3 km where the temperature is just below −5°C, and there is a clearly identiﬁable supercooled liquid water mode in the Doppler spectrum at around 0 m s−1 (Kalesse et al., 2019) with
background ice falling from above. The spectral LDR observations for these particles show relatively large
values of about −15 dB. This enhanced‐LDR area has Doppler velocities close to 0 m s−1, ruling out the possibility that these ice particles are aggregates or graupel. Oue et al. (2015) have reported very similar spectra
observations within the columnar‐ice‐crystal‐growth temperature regime in snowfall and classiﬁed those
slow‐falling ice crystals as needles. This conclusion supports our observations that these slow‐falling particles are newly formed needles generated in the region favorable for Hallett‐Massop secondary ice production
(Hallett & Mossop, 1974). This inference is also in agreement with single‐scattering studies (Aydin & Walsh,
1999; Tyynelä et al., 2011).
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Figure 3. Observed reﬂectivity and LDR at C‐ and W‐bands for Trails A (a1), B (b1), and C (c1). Vertical proﬁles of Doppler power spectra (a2, b2, and c2) and LDR
(a3, b3, and c3) for Trails A, B, and C recorded by HYDRA‐W. Purple and green lines indicate LDR of slower falling needles (LDRWs ) and faster falling background
ice (LDRWf ), respectively, in panels (a1) and (b1). Purple dashed lines in panels (a1) and (b1) indicate melting layer (ML) tops derived from needle‐LDR. In
panel (c1), the ML top (orange dashed line) is derived based on W‐band LDR since the needle signal is barely detectable in the Doppler spectrum. Black thick and
thin lines indicate Doppler velocities measured by HYDRA‐C and HYDRA‐W, respectively. Gray thick dashed lines in panels (a2,3), (b2,3), and (c2,3)
indicate the air temperature of −5°C and the wet‐bulb temperature of 0°C, respectively. Negative Doppler velocity indicates downward motion. The unit of
6 −3
−1 −1
spectral power (reﬂectivity) is mm m (m s ) . Since there is no accepted nomenclature for denoting the spectral power (reﬂectivity) in the dB scale, we
simply use dB here.
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The faster falling particles are produced at the cloud top, 4–5 km above the ground. The Doppler velocities of
these particle vary between 1 and 2 m s−1. Their LDR values do not exceed −25 dB. We cannot provide an
exact classiﬁcation of these particles, since these observations can be caused by either aggregates, lightly
rimed aggregates, or densely rimed crystals. However, the exact classiﬁcation of ice particles is not critical
in this study. We need only point out that we have two populations of ice crystals, one that is faster falling
and another slower. The faster falling particles have larger masses, while the slower falling crystals, which
are most probably needles, are lighter.
Because of the differences in fall velocities and masses, melting would affect the radar variables of ice needles
before those of faster falling particles. The melting process increases the refractive index of ice particles,
more quickly for smaller needles, and therefore enhances dual‐polarization radar signatures, such as LDR
(Bringi & Chandrasekar, 2001). Therefore, it is expected that the LDR of needles will increase ﬁrst. This
can be observed in Figure 3a3. The W‐band spectral LDR of the slower falling particles starts to increase
at the height of 1.28 km while the LDR values of the faster falling particles begin to grow about 50 m lower.
According to these observations, melting ends at about 1.1 km for the needles and around 0.9 km for the faster ice particles. This difference in the melting explains why two LDR layers are observed inside a single ML.
To study this effect in more detail, two populations of ice particles were separated based on a well‐deﬁned
dip in spectral power. Similar to Oue et al. (2015), the LDR of slower falling ice (LDRWs ) is the ratio of the
integrated power spectrum at H and V channels and expressed on the dB scale. The LDR of faster falling
ice (LDRWf ) is derived in the same way. In Figure 3a1, vertical proﬁles of LDRWs and LDRWf are shown
and compared to the bulk reﬂectivity and LDR as measured by both radars. Additionally, LDRWs is used
to identify the ML top, which is deﬁned as the height where the slope of the LDR proﬁle changes
(Brandes & Ikeda, 2004). This was done for the rest of the event, where needle signatures could be clearly
identiﬁed in the spectra observations. The results are shown in Figure 2 by black dots.
The ML top, as detected using radar needle observations, is about 100 m above 0°C (wet‐bulb), which is
within the model errors (Mittermaier & Illingworth, 2003). The mean Doppler velocity, which is often used
as an indicator of melting (Hogan & O'Connor, 2004; Illingworth et al., 2007), starts increasing around 100 m
below the detected ML top. This is not surprising. The increase in fall velocity occurs at the more advanced
melting stages, where the melt fraction of ice particles typically exceeds 10–20% (Mitra et al., 1990). While
the LDR of faster falling particles reacts later to melting, the C‐band reﬂectivity starts to increase at about
the same height as LDRWs . This possibly indicates that radar reﬂectivity may be a reliable measure for the
detection of the ML top, as also discussed by Wolfensberger et al. (2016).
3.2.2. Trails B and C in the One‐Layer LDR Region
By studying the evolution of the precipitation system, as shown in Figure 2, one can see that the precipitation
intensiﬁes after 21:50 UTC and the LDR values in the ice part of the precipitation decrease at the same time.
This indicates that the relative contribution of needles to the radar observations decreases. Similarly, the
two‐layer LDR signature disappears. However, spectral measurements still show detectable needle mode
and therefore the LDR of needles can be retrieved and the ML top estimated. After about 22:25 UTC, the needle signal in the Doppler spectra fades and can no longer be used reliably.
The computed Doppler spectra and proﬁles of the radar variable along Trails B and C are shown in
Figures 3b and 3c. As can be seen, while the needle spectral mode is still detectable in Trail B, it has merged
with the spectrum of the background ice in Trail C. Compared to Trail A, Trail B and Trail C observations
show the presence of larger ice particles, that is, higher fall velocities in rain, a spectral dip between 6 and
7 m s−1 due to the resonance scattering of raindrops with a diameter of ∼1.7 mm (Kollias et al., 2002). The
C‐ and W‐ band reﬂectivity‐weighted Doppler velocities (Figures 3b2 and 3c2) are different for these two
trails, which is attributed to the increased importance of non‐Rayleigh scattering at least for the W‐band
observations.
The comparison of vertical proﬁles of LDR measured by C‐ and W‐band radars shows that the relative positions of LDR peaks have shifted from one another. The W‐band LDR is higher by about 100 m. Changes in
slope of the LDR proﬁles (which we call “break points”) can be used to identify the ML top and bottom.
Similar to the locations of the LDR peaks, these breakpoints in the C‐band and W‐band LDR proﬁles are
shifted relative to each other. Interestingly, the proﬁle of the C‐band reﬂectivity follows the W‐band LDR
more closely than the C‐band LDR. For Trail B, the needle LDR can still be estimated from W‐band
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spectra. The ML top estimated from this proﬁle seems close to the one computed from the bulk W‐band LDR
(not shown). For Trail C, we cannot perform this retrieval due to the weak needle mode in W‐band spectra.
But the ML top computed from W‐band LDR matches rather well with the height where the spectral LDR of
needles starts to increase, as shown in Figure 3c3. These observations demonstrate that the ML top computed
from W‐band LDR or C‐band reﬂectivity observations are closer to the actual height where melting starts.
The C‐band LDR observations tend to underestimate the height of the ML top.
The observations around the ML bottom parts show a different story though. The break point of LDR and
reﬂectivity should indicate the height where larger particles complete their melting. However, the break
point of the C‐band LDR proﬁle is lower than those of C‐band reﬂectivity and W‐band LDR. The W‐band
spectral LDR observations do not show what causes such a difference. Unfortunately, HYDRA‐C did not
record spectra for this event, and we cannot check if there were high C‐band spectral LDR values in the spectrum after the W‐band LDR reached the break point. Nonetheless, even though we cannot pinpoint the
cause of the difference, we conclude that C‐band LDR observations would give the height where most, if
not all, melting completes. Therefore, the C‐band reﬂectivity and W‐band LDR would overestimate the
height of the ML bottom.

4. Summary and Conclusions
On 18 April 2018, a stratiform rainfall system moved over the University of Helsinki SMEAR II station in
Hyytiälä, Finland. The vertically pointing C‐ and W‐band radars recorded two layers of enhanced LDR
inside a single radar bright band. These two layers were caused by the melting of two populations of ice particles, namely, ice needles, generated in the region favorable to Hallett‐Massop secondary ice production,
and background ice formed at the cloud top. While the two‐layer LDR signature was clearly visible for
30 min, the Doppler spectra observations exhibited the presence of two populations of ice particles for about
an hour.
The observations show that multiple populations of ice particles may become visible in the dual‐polarization
radar observations of the precipitation ML. Given that the coexistence of multiple ice populations has been
reported over various geographical areas, for example, the Arctic (Oue et al., 2015), North America (Korolev
et al., 2020; Zawadzki et al., 2001), the United Kingdom (Hogan et al., 2002; Keppas et al., 2017), and China
(Yang et al., 2014), more reports of this phenomenon are expected in the future. The distinctive polarimetric
signals of small needles can be employed to determine the height of the top of the ML. Even though the measurements presented are from vertically pointing radars, it is expected that similar features should also be
visible in scanning weather radar observations, for example, Zdr, LDR, and ρhv.
The multifrequency dual‐polarization radar measurements presented show that ML characteristics, as identiﬁed from radar observations, depend on what radar frequency and variable are used. This dependency
arises from the sensitivity of radar observations at different frequencies to particles of different sizes, which
in their turn have different melting properties. Because needles have small masses and terminal velocities,
their properties are changed very quickly by melting. This provides an excellent benchmark for the detection
of the top of the ML. Our analysis shows that the ML top is best identiﬁed by the change of slopes in bulk
W‐band LDR or C‐band reﬂectivity observations. The similarity between the W‐band LDR and C‐band
reﬂectivity proﬁles in the ML is somewhat surprising and requires further study. If the ML top is derived
from C‐band LDR or mean Doppler velocity, its height may be underestimated by as much as 100 m.
The bottom of the ML appears to be better represented by the C‐band LDR observations, which show
enhanced values after C‐band reﬂectivity and W‐band LDR values have decreased to the levels observed
in rain. The analysis of the W‐band Doppler power and LDR spectra could not explain what causes these larger C‐band LDR values. Future studies that use both C‐ and W‐band spectral observations are needed to
investigate the later stages of melting.
Overall, we show that radar‐observed characteristics of the ML are sensitive to ice particle microphysical
properties. Therefore, dual‐polarization radar variables and their spectra, observed at different frequencies,
carry complimentary information, which can be used to advance our understanding of the precipitation processes taking place in and above the ML.
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Data Availability Statement
The presented HYDRA‐W and HYDRA‐C data are available at https://doi.org/10.5281/zenodo.3661127.
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