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Abstract. In stratiform rainfall, the melting layer is often visible in radar observations as an enhanced reflectivity band, the
so-called bright band. Despite the ongoing debate on the exact microphysical processes taking place in the melting layer and on
how they translate into radar measurements, both model simulations and observations indicate that the radar-measured melting
layer properties are influenced by snow microphysical processes that take place above it. There is still, however, a lack of
comprehensive observations to link the two. To advance our knowledge of precipitation formation in ice clouds and provide an
additional constraint on the retrieval of ice cloud microphysical properties, we have investigated this link. This study is divided
into two parts. Firstly, surface-based snowfall measurements are used to devise a method for classifying rimed and unrimed
snow from X- and Ka-band Doppler radar observations. In the second part, this classification is used in combination with multi-
frequency and dual-polarization radar observations to investigate the impact of precipitation intensity, aggregation, riming, and
dendritic growth on melting layer properties. The radar-observed melting layer characteristics show strong dependence on
precipitation intensity as well as detectable differences between unrimed and rimed snow. This study is based on data collected
during the Biogenic Aerosols - Effects on Clouds and Climate (BAECC) experiment, which took place in 2014 in Hyytidld,
Finland.

1 Introduction

Stratiform precipitation is prevalent in mid- to high- latitudes. In such precipitation systems, ice particles nucleated at the
cloud top descend and grow on their way down by going through various microphysical processes, e.g., vapor deposition,
aggregation and/or riming (Lamb and Verlinde, 2011). In the case of rainfall, these ice particles transform into raindrops in
the melting layer (ML). The melting of ice particles is capable of modulating the thermal structure of the ML through the
exchange of latent heat with the environment (Stewart et al., 1984; Carlin and Ryzhkov, 2019) and, as a result, can change
the dynamics of precipitation (e.g., Heymsfield, 1979; Szeto et al., 1988; Fabry and Zawadzki, 1995). It has been shown that
ML properties are modified by the ambient environment such as relative humidity (RH, Willis and Heymsfield, 1989; Battaglia
et al., 2003; Carlin and Ryzhkov, 2019) as well as microphysical processes taking place in the ML (Heymsfield et al., 2015), and

by snow microphysical processes occurring above, e.g., aggregation and riming (Stewart et al., 1984; Klaassen, 1988; Fabry
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and Zawadzki, 1995; Zawadzki et al., 2005; von Lerber et al., 2014; Kumjian et al., 2016; Xie et al., 2016; Wolfensberger
et al., 2016; Tromel et al., 2019). In addition, the microwave attenuation in the ML is sensitive to the parameterization of snow
microphysics (von Lerber et al., 2014) and can be significant at mm-wavelength (Matrosov, 2008; Haynes et al., 2009; Li and
Moisseev, 2019).

To cm-wavelength weather radars, the ML appears as a band of the increased reflectivity, the so-called bright band, while
to mm-wavelength radars such appearance is less distinct (e.g., Lhermitte, 1988; Sassen et al., 2005; Kollias and Albrecht,
2005). Properties of the ML and its radar manifestation bright band are influenced by cloud dynamics and microphysics, which
can be directly probed by aircraft-mounted in-situ measurements (e.g., Stewart et al., 1984; Willis and Heymsfield, 1989;
Heymsfield et al., 2015) despite the inability to conduct continuous long-term operation with such setups. Remote sensing
of the ML with radars dates back to the 1940s (Ryde, 1946). Atlas (1957) have found that the strength of the bright band
is weakened when melting graupel particles present, which was further confirmed by Klaassen (1988) and Zawadzki et al.
(2005). A comprehensive long-term analysis of the ML appearance in vertically pointing X-band radar and UHF wind profiler
observations has been performed by Fabry and Zawadzki (1995). They have compiled a record of the main ML features that
were later used in modeling studies (e.g., Szyrmer and Zawadzki, 1999; Zawadzki et al., 2005; von Lerber et al., 2014). As
the ML bridges snow and rain, the raindrop size distributions below the ML seem to be related to the bright band’s reflectivity
values (Huggel et al., 1996; Sarma et al., 2016). As presented by Wolfensberger et al. (2016), the thickness of the ML depends
on riming, particle fall velocities as well as the bright band intensity. Meanwhile, the downward extension of the bright band,
called the saggy bright band, may be linked to riming as suggested by previous studies (Tromel et al., 2014; Kumjian et al.,
2016; Ryzhkov et al., 2016; Xie et al., 2016; Erlingis et al., 2018). Recently, Carlin and Ryzhkov (2019) have incorporated
the cooling effects of melting snowflakes in the ML model and proposed that the saggy bright band may be explained by a
combination of processes instead of a single factor. From the perspective of observation, there seems to be a lack of statistical
studies untangling the impacts of snow growth processes on the observed ML properties.

Over the last few years, multi-frequency radar measurements of clouds and precipitation have become more easily attainable,
which has led to the proliferation of studies demonstrating the advantages of using these observations for the investigation of
snow microphysical processes (e.g., Kneifel et al., 2011, 2015; Leinonen et al., 2012a, 2013, 2018; Tyyneld and Chandrasekar,
2014; Leinonen and Moisseev, 2015; Leinonen and Szyrmer, 2015; Grecu et al., 2018; Chase et al., 2018; Mason et al., 2018,
2019). The potential dependence of dual-wavelength ratios (DWRs) at Ka-W-bands and X-Ka-bands on riming was observed
by Kneifel et al. (2015). Dias Neto et al. (2019) have presented the strong aggregation signatures close to the ML using multi-
frequency radar observations. This rapid aggregation could manifest itself as a dark band in W-band cloud radar observations,
namely the dip of radar reflectivity just above the ML top (Lhermitte, 1988; Sassen et al., 2005, 2007; Heymsfield et al.,
2008). Such reflectivity dip just above the ML may even be present in X-band radar measurements of light precipitation (Fabry
and Zawadzki, 1995) but has not been well addressed. Mason et al. (2018) have incorporated the Doppler velocity and radar
reflectivity observations from vertically-pointing Ka- and W-band radars into an optimal estimation scheme to infer the riming
fraction, among other parameters. In addition to multi-frequency radar observations, dual-polarization radar measurements

show promise in improving our understanding of ice precipitation processes (e.g., Bechini et al., 2013; Giangrande et al., 2016;
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Kumjian et al., 2016; Ryzhkov et al., 2016; Moisseev et al., 2015, 2017; Li et al., 2018; Oue et al., 2018; Vogel and Fabry, 2018;
Moisseev et al., 2019; Tiira and Moisseev, 2020). Therefore, the utilization of collocated multi-frequency and dual-polarization
radar observations may pave the way for a better understanding of the connection between dry and melting snow microphysics.

During the Biogenic Aerosols Effects on Clouds and Climate (BAECC) experiment (Petdji et al., 2016), vertically-pointing
X-, Ka- and W-band cloud radars were deployed at the University of Helsinki research station in Hyytiéld, Finland. These
observations were supplemented by Range-Height Indicator (RHI) scans carried out by the Finnish Meteorological Institute
(FMI) C-band dual-polarization radar, providing a set of unique synergistic observations ideally suited to studying the connec-
tion between the growth and melting processes of snowflakes.

The paper is organized as follows. Section 2 introduces the instrumentation used in this study, followed by the illustration of
detecting the ML and separating unrimed and rimed snow in Sect. 3. A sanity check of the snow classification and the statistical

results of multi-frequency and dual-polarization radar observations are provided in Sect. 4. Conclusions are presented in Sect.
5.

2 Measurements

The BAECC field campaign was conducted at the University of Helsinki Hyytidld Station from February to September 2014
(Petdjd et al., 2016). This experiment provides comprehensive vertically-pointing multi-frequency radar rainfall observations,
which are used in this study. A 2D-video disdrometer (2DVD) was used to measure rain rate and calibrate X-band radar
reflectivity. The collocated observations were aided by the FMI C-band dual-polarization weather radar. In addition to the
radar setup during BAECC, long-term snow observations were made by a National Aeronautics and Space Administration

(NASA) Particle Imaging Package (PIP, Newman et al., 2009; Tiira et al., 2016; von Lerber et al., 2017).
2.1 2DVD and vertically-pointing radars

The ARM 2DVD used in this study is a new generation of the one described in (Kruger and Krajewski, 2002). It relies on
two cameras as well as two light sources placed in orthogonal directions and records image projections of raindrops as they
fall cross the cameras’ field of view. The 2DVD is often used for recording the size distributions, fall velocities and shapes of
raindrops. Based on these information, the rain rate and reflectivity at a given radar frequency can be derived.

The X/Ka-band scanning Atmospheric Radiation Measurement (ARM) cloud radar (X/Ka-SACR) and W-band ARM cloud
radar (MWACR) have the range gate spacing of 25 m, 25 m and 30 m, respectively (Kollias et al., 2014; Kneifel et al., 2015;
Falconi et al., 2018). The original time resolution of 2 s was averaged to 10 s for these radars. The half-power beam widths
of X-SACR, Ka-SACR and MWACR are 1.27°, 0.33° and 0.38°, respectively. X- and Ka-SACR are dual-polarization radar
systems installed on the same pedestal, recording the co-polar (e.g., pny, Zq4:) and cross-polar (e.g., cross-polar correlation
coefficient, linear depolarization ratio LDR) measurements, respectively. MWACR had a small antenna pointing error of 0.5°

to 1°, which may lead to significant error in the vertical Doppler velocity which, but does not affect reflectivity measurements.
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To mitigate the potential attenuation from wet radome and raindrops, the simulated X-band radar reflectivity from 2DVD
data was used to match the measured X-band reflectivity at 500 m where the near-field effect is minimized (Sekelsky, 2002;
Falconi et al., 2018). As the Ka-band reflectivity can be significantly affected by the attenuation from the ML, rain as well as a
wet radome (Li and Moisseev, 2019), the relative calibration was made at precipitation top where the Rayleigh assumption can
be applied at Ka- and X-bands. During BAECC, a radiosonde was launched four times per day, out of which the temporally
closest one was used as input to the millimeter-wave propagation model (Liebe, 1985) to correct for the gaseous attenuation at

all radar frequencies.
2.2 Dual-polarization weather radar

The FMI C-band dual-polarization weather radar located in Ikaalinen, 64 km west from the Hyytiilé station, operates in the
simultaneous transmission and receiving mode (Doviak et al., 2000). This radar performs RHI scans over the measurement
site every 15 minutes. The range and azimuth resolutions are 500 m and 1°, respectively. The dual-polarization measurements
used in this study are Zg4;, which was calibrated during light rainfalls (Bringi and Chandrasekar, 2001; Li et al., 2018). For data
analysis, the Python ARM Radar Toolkit (Helmus and Collis, 2016) was used.

2.3 NASA Particle Imaging Package

The PIP is an improved version of the Snowflake Video Imager (Newman et al., 2009), which uses a high frame rate camera,
operating at 380 frames per second, to record the silhouettes of precipitation particles. The field of view of this camera is 48 x
64 mm with a spatial resolution of 0.01 mm?. The focal plane of this camera is 1.3 m. Because the measurement volume is not
enclosed, the wind-induced effects on the measurements are minimized (Newman et al., 2009). The data-processing software
defines the size of each particle using the disk-equivalent diameter (Dgeq) Which is the diameter of a disk with the same area
of a particle shadow. Particle size distribution (PSD) and fall velocity are recorded as a function of Dgeq in the PIP software.
Based on these PIP products, von Lerber et al. (2017) have derived particle mass and fall velocity as a function of the observed
maximum particle diameter (Dyax, ob), Which is obtained by fitting an ellipsoid model to each particle. Here and hereafter,
D represents Dpax, ob- The snowfall measurements started as a part of the BAECC field campaign were continued and data
collected during the experiment and additional three winters were used in this study. The collected data were processed using

the method by von Lerber et al. (2017).
3 Methods

3.1 Detection of ML boundaries

The height where melting starts ranges from the surface to several km above, mainly depending on the temperature profiles.
Thus, prior to addressing the general characteristics of ML, it is important to detect ML boundaries. Fabry and Zawadzki

(1995) have employed the gradient of reflectivity to determine the ML boundaries using single-polarization X-band radar
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measurements. The vertically-pointing X-/Ka-band radars used in this study provide dual-polarization observations, i.e. phy
and LDR, respectively. These observations supply additional information to estimate the ML boundaries (Giangrande et al.,
2008). However, care should be taken in how this information is used. Wolfensberger et al. (2016) have suggested the use
of pny could underestimate the ML top, as the significant drop in pp, may not happen until a significant amount of ice has
already melted. To mitigate this issue, we determined the upper boundary of ML by finding the local minimum of the X-
band reflectivity gradient around the py,-detected ML top, which is similar to (Wolfensberger et al., 2016). The validity of
utilizing the radar reflectivity in determining the ML top is further confirmed in our recent study (Li and Moisseev, 2020).
The ML bottom was determined in a similar way to derive the radar reflectivity at the melting bottom. Note that cases where

precipitation fall streaks are significantly slanted, as shown in (Fabry and Zawadzki, 1995), were excluded.
3.2 Diagnosing snowflake rime mass fraction

The rime mass fraction (FR), defined as the ratio of accreted ice mass by riming to the total snowflake mass, has been used
to quantify the riming extent in ice microphysical schemes (Morrison and Milbrandt, 2015) and in observational studies (e.g.,

Moisseev et al., 2017; Li et al., 2018). The rime mass fraction can be defined as

ik 1 Joe N(D)my(D)AD

J5m N(D)mp(D)dD

6]

where Dy and Dy, are maximum and minimum particle sizes, respectively, mqp (D) and my, (D )are masses of observed and
unrimed snowflakes as a function of D, respectively, and N (D) is the PSD. In this study, FR was computed using ground-
based observations of PSD and snowflake masses retrieved from PIP observations as described in (von Lerber et al., 2017).
The masses of unrimed ice particles were derived assuming the following. Firstly, unrimed snowflakes were present in PIP
observations. Secondly, the ice particles belonging to the lightest 5% are representative of unrimed snowflakes. Following these
assumptions, the mass-dimension relation m, (D) = 0.0053D*% that is representative of unrimed snowflakes was derived.
This relation is similar to the one derived from aircraft measurements (Heymsfield et al., 2004). Further discussion on the
definition of my, (D) is referred to (Moisseev et al., 2017) and (Li et al., 2018).

Mason et al. (2018) have shown that the extent of riming can be retrieved using radar-measured DWR (Matrosov, 1998;

Hogan et al., 2000) and mean Doppler velocity (V). If the radar reflectivity is expressed in dB, then the DWR can be written as

DWR(\i,\2) = Zy, — 2, (2)

where Z), and Z, are observed radar reflecctivities at the wavelength of \; and Aa, respectively. Z can be expressed as

Dinax

)\4
Zx =10 logy( /

mN(D)ab’A(D,mob(D))dD) 3)

min
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where | K |2

a given wavelength. In X-SACR, Ka-SACR and MWACR data files | K |? is set to 0.93, 0.88, and 0.70, respectively. The values

is the dielectric constant of liquid water, and o » (D, mop (D)) is the backscattering coefficient of snow particles at

of oy » were taken from the single-scattering databases (Leinonen and Moisseev, 2015; Leinonen and Szyrmer, 2015; Tyyneld
and von Lerber, 2019). These three datasets were combined into a single lookup table of ice particle scattering properties
defined as a function of maximum diameter and mass. For given D and m,y, the backscattering cross section was estimated

using linear interpolation in the log-log space. The mean Doppler velocity can be derived in the same way,

[ o(D)N (D) A (Dymay(D))dD
R )
Jp " N(D)oy A(D,mep(D))dD

min

where v(D) is the fall velocity of snowflakes with the same D and can be derived together with m(D) following (von Lerber
etal., 2017). To minimize the impact of varying air density (p4i), V> was adjusted to the air condition of 1000 hPa and 0°C (air
density pairo) With a factor of (%)0‘54 (Heymsfield et al., 2007). p,ir was derived from the temperature and relative humidity
obtained from the temporally closest sounding.

Dias Neto et al. (2019) have shown that the size growth of snowflakes close to the ML is accelerated due to the enhanced
aggregation. Therefore, relatively large aggregates are prevalent snow types close to the ML, and are better represented by
DWR(X,Ka) than DWR(Ka,W) (see the comparison by Barrett et al., 2019). The use of lower radar frequency (X- and Ka-
bands) avoids estimating the non-neglectable W-band attenuation caused by ML as well as supercooled liquid water (Li and
Moisseev, 2019). Therefore, the potential link between FR and simulated Doppler radar measurements at X- and Ka bands was
accessed, with the utilization of in-situ snowfall observations from BAECC to the winters of 2014-2018.

The dependence of DWR(X, Ka) and Vx on FR can be computed using Eq. (1), (2) and (4). For comparison, the mq, —D and
v — D relations of aggregates of unrimed radiating assemblages, side planes, bullets and columns (LH74 unrimed), aggregates
of densely rimed radiating assemblages of dendrites (LH74 rimed) and lump graupel (LH74 graupel) presented in (Locatelli
and Hobbs, 1974) were used. To compute the DWR(X, Ka) and Vx using the literature relations, we assumed that N (D) can

be parameterized as

N(D) = Noe AP S

here the intercept parameter Ny cancels out while computing DWR and VX, so the radar variables depend on A, which
controls the average size of ice particles in N (D). We have varied A~! between 0 and 11 mm to mimic different snowfall
conditions, which is similar to what was done in (Leinonen and Szyrmer, 2015). Table 1 summaries the fitted expressions of
DWR(X, Ka) = aV? for these three particle types. Since snow microphysics as well as the corresponding radar measurements
can significantly change with precipitation intensity (Moisseev et al., 2017), the computed values were separated into four
subgroups according to precipitation rate (PR).

Simulations of DWR(X,Ka)-Vx for four groups of precipitation rate are presented in Fig. 1. Most cases with FR < 0.2

are centered around the curve of LH74 unrimed, whose velocity-diameter relation is similar with low density snowflakes
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Figure 1. Scatter plot of DWR(X,Ka) vs. Vx (1000 hPa and 0°C) colored with FR. Mass-size and velocity-size relations from (Locatelli
and Hobbs, 1974) are adopted for reference (dashed lines). Observed mass-size and velocity-size relations are derived using the approach
developed by von Lerber et al. (2017), and the particle back-scattering coefficient o » is adopted from (Leinonen and Moisseev, 2015;

Leinonen and Szyrmer, 2015). The solid blue and red curves separate unrimed (light blue shading), transitional (no shading) and rimed snow

(light red shading) in our classification scheme.

(Tiira et al., 2016). It seems that riming happens more frequently in heavier precipitation. In contrast, much fewer unrimed
cases are present in heavier precipitation (Fig. 1 c,d). Heavily rimed snowflakes (FR > 0.5, red dots) are characterized by low
DWR(X,Ka) and high Vx, contrasting with the unrimed/lightly rimed cases (blue dots). Specifically, snowflakes with large
sizes and low velocities usually are rather slightly rimed (FR < 0.2). For the cases where FR exceeds 0.5, most DWR(X,Ka)
values are below 3 dB, indicating that heavily rimed particles are usually associated with small snowflakes. Inspired by this
distinct feature, we have fitted the DWR (X, Ka) = aV}; relations for cases with FR < 0.2 and 0.4 < FR < 0.6 (shown in Table
1), which separate the observations into three types: unrimed, transitional and rimed snow. For the sake of comparison, the
power b for unrimed snow was adopted from the fit for LH74 unrimed. In this study, these fitted relations were employed for
classifying unrimed and rimed snow. The presence of supercooled liquid water does not significantly affect X-band reflectivity

10 but may lead to appreciable attenuation at Ka-band which translates to enhanced DWR(X,Ka) after the relative calibration at
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Table 1. Fitted parameters for DWR(X, Ka) = aV%. Aggregates of unrimed radiating assemblages, side planes, bullets and columns (LH74
unrimed), aggregates of densely rimed radiating assemblages of dendrites (LH74 rimed) and lump graupel (LH74 graupel) in (Locatelli and

Hobbs, 1974) are shown for a reference. The last column shows the root mean square error (RMSE) of fitting.

Fitted parameters a b RMSE [dB]

unrimed 2.6 7.3 1.9
LH74 rimed 0.2 9.8 1.8
graupel 0.35 2.5 0.8

FR € [00.2] 1.3 7.3 2

PR <0.15mmh~!
FRe€[0406] 0.2 296 0.5
FR € [00.2] 0.7 7.3 2.4
0.15mmh™' <PR<05mmh™*
FR €[0.40.6] 0.47 3.1 1.1
FR € [00.2] 0.69 7.3 2.2
0.5mmh ! <PR<1mmh™!
FR€[0406] 0.52 2.9 0.85
N L FR € [00.2] 0.6 7.3 2.3
Immh ™ <PR<4mmh™

FR €[040.6] 0.75 2.85 1.2

precipitation top. For the liquid water path of 500 g m ™2, the estimated Ka-band attenuation is in the order of 1 dB (Kneifel
et al., 2015). Therefore, cases with DWR(X,Ka) < 1 dB were rejected when identifying unrimed snow.

4 Results

To study how ML properties depend on the precipitation intensity, snowflake riming fraction and PSD, all rainfall cases ob-
served during the BAECC experiment were analyzed. Given the need for coinciding multi-frequency vertically pointing radar
measurements and the radar scans performed during the experiment, we have identified 4147 vertical profiles of observations
in 24 stratiform rainfall events corresponding to about 11.5 h where the measurement requirements were met. During the anal-
ysis, the mean radar Doppler velocity was scaled to the air density at 1000 hPa and 0°C as previously described. It should be
noted that the RHI scans by the FMI C-band weather radar were performed every 15 min. Therefore, the profiles of specific
differential phase and differential reflectivity are recorded much less frequently than the vertically-pointing radar observations.
The RHI observations are nonetheless presented here in order to link the features observed in this study to the previous reports

(Giangrande et al., 2016; Kumjian et al., 2016; Li et al., 2018; Vogel and Fabry, 2018).
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4.1 Sanity check of the snow classification

At the first step of our data analysis, the classification of unrimed and rimed snow using DWR(X,Ka) - Vx observations at the
ML top, proposed in the previous section, was evaluated against previous studies. As shown in Fig. 2, both DWR(X,Ka) and
Vx tend to increase as the precipitation intensifies. Most cases of rimed snow fall in the region where DWR(X,Ka) < 4 dB and
Vx is higher than for unrimed snow. The Vx of unrimed snow rarely exceeds 1.5 m/s. Those outliers of rimed snow in Fig. 1 (a)
may be attributed to the local vertical air motions, which contaminate the measured mean Doppler velocity. It should be noted
that the snow observations in Fig. 1 are limited to PR < 4 mm h™!, namely the maximum radar reflectivity at the ML bottom
(ZX rain) 1s around 33 dBZ, as computed by using the localized Z — R relation (Leinonen et al., 2012b).

The reflectivity enhancement in the ML, which is defined as the difference between the Zx maximum in the ML and the
Zx at the melting bottom (Zx rain), Was also studied. Zawadzki et al. (2005) have analyzed the UHF Doppler wind profiler
observations in Vingsnow/ VUHFrin- reflectivity enhancement space and found that the augmentation of rimed snowflake mass
can increase ViunFsnow/VUHErin and decrease reflectivity enhancement. As shown in Fig. 3, despite the scattered distribution
of reflectivity enhancement, the majority of cases with high Vx snow/Vx rain are dominated by rimed snow while most unrimed
cases are below Vx snow/Vx rain = 0.25. Such dependence of Vx snow/Vx rain ON riming is in line with the results in (Zawadzki

et al., 2005), indicating the reasonable snow classification employed in this study.
4.2 Vertical profiles of multi-frequency radar measurements in ML

To obtain a general idea of how the ML is modulated by riming and aggregation, statistics of vertically-pointing radar ob-
servations were made. As the ML properties are modulated by precipitation intensity (Fabry and Zawadzki, 1995; Carlin and
Ryzhkov, 2019), the observations were grouped by PR. In this paper, the vertical axis is shifted such that the reference height
is the ML top.

4.2.1 X-band reflectivity, pny and DWR(X,Ka)

Figure 4 shows the profiles of radar reflectivity and p,, measured by X-SACR and grouped by PR. Note that to generalize
the observations, the vertical axis is shifted such that the ML top is the reference height of 0 m, and each reflectivity profile
was normalized by offsetting the difference between Zx ,in and the median value of Zx i, in the corresponding PR group.
The same procedure was made to pp, and the following measurements. For most cases, the relative humidity (RH) around
the ML top is above 95% with no dependence on PR. Thus, the effect of dry air infiltration, e.g., decreasing reflectivity and
ML thickness, descending dual-polarization measurements (Carlin and Ryzhkov, 2019), should be minimized. Considering the
general aspects of Fig. 4, it is clear that the ML thickness and reflectivity peak increase with PR, which is inline with previous
results (Fabry and Zawadzki, 1995; Wolfensberger et al., 2016; Tromel et al., 2019).

The ppy and radar reflectivity have been used in identifying the bright band sagging (Kumyjian et al., 2016; Ryzhkov et al.,
2016; Xie et al., 2016). When PR > 1 mm h™', the level of py,, minimum of rimed snow seems to be lower than the unrimed,

however, the opposite holds when PR < 1 mm h~! which seems controversial to the expectation that the bright band sagging
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Figure 3. Scatter plot of Vxsnow/Vxin Vs. reflectivity enhancement in the ML. The reflectivity enhancement is defined as the difference

between the reflectivity peak in the ML and the reflectivity in rain just below the ML.

is mainly caused by riming (Kumjian et al., 2016). In our observations, both p,, dip and reflectivity peak descend with the
increase of PR. Therefore, it appears that precipitation intensity is an important factor affecting the formation of the saggy
bright band. This finding is inline with a recent simulation study (Carlin and Ryzhkov, 2019), which proposes that the saggy
bright band can also be attributed to other factors, such as the aggregation process, the increased precipitation intensity and the
sudden decrease of RH. For unrimed snow, the response of py, to the melting is obviously later than X-band reflectivity, which

indicates that the utilization of py, for detecting the ML top should be applied with caution.
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Figure 4. Normalized X-band radar profiles grouped by PR. tunimed and timed indicate the total observing time in each group for unrimed
and rimed cases, respectively. The median values of X-band reflectivity at the ML bottom for unrimed (Zx unrimed) and rimed (Zx rimed) Cases
are marked just below the ML bottom with the standard values in brackets. The median and standard deviations (in parentheses) of relative
humidity (RH) at the ML top for unrimed (RHunrimea) and rimed (RHyimed) cases in each group are presented near the ML top. The median
and standard deviations (in parentheses) of PR for unrimed (PRunrimed) and rimed (PRiimed) cases in each group are presented in the lower

part. Shaded regions represent the standard derivation.

The reflectivity peak is smaller for rimed snow than unrimed for a given PR, provided that the Rayleigh scattering is not
violated. When PR > 1 mm h~* the reflectivity peaks of rimed and unrimed snow are closer, which can be explained by the non-
Rayleigh scattering of very large aggregates at X-band as discussed by Fabry and Zawadzki (1995). Another notable finding
is that the Zx at the ML top for rimed snow is smaller than unrimed, which indicates that rimed snowflakes may have smaller
sizes for a given PR. This is further confirmed in the DWR(X,Ka) profiles as shown in Fig. 5. From the aggregation region to
the ML top, the DWR(X,Ka) of rimed snow is significantly smaller than unrimed snow. In particular, very weak DWR(X,Ka)
for rimed snow could be identified just above the ML. This indicates that the aggregation process, the dominating factor of
growing snow size close to the ML (Fabry and Zawadzki, 1995), can be heavily suppressed for rimed snow. Heymsfield et al.

(2015) have reported the enhanced maximum particle size below the 0°C isotherm using in-situ measurements, and attributed
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Figure 5. Same as Fig. 4, but for DWR(X,Ka). Note that the radar calibration is made by matching the X- and Ka-band radar reflectivities at

precipitation top.

it to the continuing aggregation in the ML. Such continuing aggregation in conjunction with the changing scattering properties
(the water coating) may be responsible for the continuing increase of DWR(X,Ka) in the ML.

Interestingly, the DWR(X,Ka) profile below the ML is higher for the rimed cases and progressively converges towards the
unrimed profile as PR increases. For light precipitation, the rain drops are small enough to be Rayleigh scatterers at Ka-band,
thus the difference of DWR(X,Ka) in rain between unrimed and rimed cases roots from the differences in attenuation. If
the supercooled liquid water attenuation of rimed cases is more significant, the corresponding DWR(X,Ka) in rain would be
smaller than the unrimed cases. However, the reverse is observed. von Lerber et al. (2014) have shown that the melting layer
attenuation of rimed snowflakes is smaller than unrimed ones, which could possibly explain the larger DWR(X,Ka) of rimed
cases in rain. With the increase of precipitation intensity, the DWR(X,Ka) of rimed cases in rain decreases towards the unrimed
profile. This can be attributed to several factors, such as the enhanced liquid attenuation above the melting layer and the non-
Rayleigh scattering of large raindrops at Ka-band. We hesitate to determine the role of nan-Rayleigh scattering in rain, since
raindrops characterized by different non-Rayleigh scattering size regions can lead to opposite effects on DWR(X,Ka) as shown

by Li and Moisseev (2019).
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4.2.2 Ka-band LDR and reflectivity

LDR usually increases in the ML, as melting increases the dielectric constant of nonspherical ice particles. Figure 6 shows
the profiles of LDR (Ka-SACR) as well as ppy (X-SACR). Both LDR peak and py, dip of rimed snow are lower than unrimed
snow when PR > 1 mm h™!, while the reverse is observed for lighter precipitation. Despite the rather good agreement between
LDR and pyy observations, it appears that LDR systematically reveals lower ML bottom than pyy, indicating that LDR can be
suitable in discriminating rain and melting snow (Illingworth and Thompson, 2011; Dias Neto et al., 2019). The smaller LDR
peak for rimed snow is correlated with the smaller X-band reflectivity enhancement as shown in Fig. 4, which is consistent
with (Illingworth and Thompson, 2011; Sandford et al., 2017).

As shown in Fig. 7, the Ka-band reflectivity enhancement in the ML decreases as the precipitation intensifies. This is similar
with the observations presented by Fabry and Zawadzki (1995) who found that the reflectivity peak in the ML observed by an
X-band radar is less pronounced than that measured by an UHF radar when the reflectivity in rain exceeds 25 dBZ. With the
increase of precipitation intensity, the size of snowflakes generally grows. Therefore, there are less hydrometeors satisfying
the Rayleigh criteria and the non-Rayleigh scattering becomes more significant. As a result, the reflectivity peak in the ML
is not as pronounced as in the scenario of Rayleigh scattering. In addition, the ML attenuation increases as PR intensifies (Li
and Moisseev, 2019), which further impedes the increase of reflectivity in the ML. This also explains the lower reflectivity
enhancement in the ML for rimed snow when PR > 0.5 mm h~!. As shown in Fig. 5, rimed snowflakes are usually smaller,
thus the non-Rayleigh effect and ML attenuation (von Lerber et al., 2014) are not as significant as the larger unrimed ice
particles.

When PR < 0.15 mm h™!, a weak reflectivity dip, the dark band, appears at the top of ML for unrimed snow, which may
also be observed by cm-wavelength radars Fabry and Zawadzki (1995). In literature, the dark band has different definitions.
For ground-based radars, Kollias and Albrecht (2005) referred the dip of radar reflectivity below the ML top as dark band. The
dark band which is present just above the ML top, as observed by the spaceborne W-band radar, can be caused by the strong
signal attenuation from large snow aggregates as discussed in (Sassen et al., 2007). Meanwhile, the change of PSD during the
aggregation process can also contribute to this reflectivity dip, which is named dark band by Sassen et al. (2005) and dim band
by Heymsfield et al. (2008). In this study, the dark band is identified as the decrease of radar reflectivity just above the ML top
as shown in (Sassen et al., 2005, 2007; Heymsfield et al., 2008).

4.2.3 W-band reflectivity

W-band reflectivity can be heavily affected by a wet radome, rain, ML, supercooled liquid water and gaseous attenuation
(Kneifel et al., 2015; Li and Moisseev, 2019). Such attenuation coupled with precipitation microphysical processes as well as
the change of particle scattering regimes can modulate the W-band reflectivity profiles. As shown in Fig. 8, the decrease of
W-band reflectivity with height is mainly caused by rain attenuation. This effect is enhanced as PR increases, which has been
adopted to retrieve PR (Matrosov, 2007). From dry to melting snow, there is a jump in W-band reflectivity, and the extent of

such a jump seems dependent on PR. The bright band signature is partially visible when PR < 0.15 mm h~! but is absent as the
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Figure 6. Same as Fig. 4, but for LDR observed by Ka-SACR.

precipitation intensifies. This is expected, given the increased non-Rayleigh scattering at W-band for large snowflakes (Sassen
et al., 2005). When PR < 0.15 mm h™!, the dark band is present for both unrimed and rimed snow, while the reflectivity dip
near the ML top for unrimed snow is stronger than rimed. Below 1 mm h~!, the dark band is present for unrimed snow, in
contrast with its absence for rimed snow when PR > 0.15 mm h~!, which may indicate that the dark band is more frequently
observed for the scenario of unrimed snow.

Sassen et al. (2005) have proposed that the dark band observed by W-band radars is due to the combination of Rayleigh and
non-Rayleigh scattering effects modulated by the PSD. Heymsfield et al. (2008) have pinpointed that such a reflectivity dip is
linked to the aggregation process, which consumes small ice while grows large snowflakes whose backscattering cross sections
at W-band are much smaller than the scenario of Rayleigh scattering. This statement is evidenced in our statistical results, since
the dark band feature is more significant for unrimed snow and is more distinct at W-band than at Ka-band. Furthermore, the

obscured dark band for rimed snow may indicate that the aggregation of rimed snow can be weaker than unrimed snow.
4.3 Weather radar measurements

Recent studies have demonstrated the potential of polarimetric measurements in revealing cloud microphysics and improving
precipitation forecasts (Tiira and Moisseev, 2020; Tromel et al., 2019). Given the importance of precipitation intensity to the

ML, it is necessary to address how the dual-polarization observations are dependent on PR. Therefore, we have analyzed the
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Figure 7. Same as Fig. 4, but for Ka-band radar. Note that the calibration is made by matching the Ka-band reflectivity with X-band at
precipitation top, while the attenuation in the profile is not accounted. To be in line with Fig. 4, pnv observed by X-SACR is presented instead

of the LDR measured by Ka-SACR.

statistical profiles of Zy. and Ky, observed by the RHI scan of FMI C-band dual-polarization radar. The vertical axis of weather
radar RHI observations was shifted to the same level as we did for vertically-pointing radars.

Significant dependence of Zy and Ky, on PR can be found in Fig. 9. In cases where PR > 0.15 mm h—!, Z4 decreases
significantly to around O dB just above the ML. This is mainly due to the aggregation process, which leads to increased particle
size and decreased density. In contrast, Zg does not change just above the ML when PR < 0.15 mm h™!, indicating that very
weak aggregation happens in light precipitation. Li et al. (2018) have shown that Zg; is a function of snow shape, canting angle
distribution and density, and generally decreases with the increase of radar reflectivity. It would be interesting to study the
riming impact on Zg, profiles (Vogel and Fabry, 2018); unfortunately, we were not able to perform such a comparison due to
the very limited number of RHI profiles during the studied events. It should be noted that the beam width of FMI C-band radar
is 1°, resulting in vertical projection of around 1.1 km over the Hyytidld station. This explains why the height of Zg; starts
increasing is approximately 500 m higher than the ML top determined by X-SACR.

High K, values were observed when PR exceeds 1 mm h~! while no detectable K4, signal can be found when PR < 1 mm
h~!. This is in line with the previous finding that the enhanced Ky is indicative of intense precipitation (Bechini et al., 2013).
When PR > 1 mm h™!, the enhanced Ky, starts at around 3000 m above the ML with the expected temperature of around -20

°C, which is related to the dendritic growth region (Bechini et al., 2013; Moisseev et al., 2015). Overall, these observations
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ML bottom (Zwrin) While the value of Zw rin is not shown due to the unknown W-band attenuation.

indicate that the dependence of ML properties on the dual-polarization signatures above, may mainly be due to correlation of

these signatures with precipitation intensity.

5 Conclusions

In this work, the connection between the precipitation melting layer and snow microphysics was studied using vertically-
pointing multi-frequency Doppler radar and C-band dual-polarization weather radar observations. Using surface-based snow-
fall measurements collected over five winters at the University of Helsinki measurement station and supplemented by the single
particle scattering datasets of aggregated snowflakes and rimed ice particles, a connection between rime mass fraction and radar
observations at X- and Ka-bands was established and used in classifying unrimed and rimed snow. The sanity checks show
that the results of this classification are consistent with the previous study using single-frequency radar observations (Zawadzki
et al., 2005). Statistics of vertically-pointing multi-frequency dual-polarization radars and RHI scans of C-band polarimetric

weather radar show that

16



3500 {

-

et SRR
b6 G
ol f\ @& ‘ =

0 - N | L

/,3 FH = %S |

Height [m above the ML top]

o
N
o A
-
o
-
o
-

Z, [dB]
0 025 0 025 0 025 0 0.25
4o 7k ]
PR [mm h™']: (0, 0.15] (0.15, 0.5] (0.5, 1] (1, 4]
Counts: 14 11 3 15

Figure 9. Normalized Zy and Kgp profiles observed by FMI C-band radar with RHI scanning. Number of RHI profiles is presented at the

bottom. The ML top (as retrieved from X-SACR observations) is used as the reference height in the vertical axis.

1. The radar-observed melting layer properties show a detectable connection to the precipitation intensity. The increase in

precipitation intensity can lead to the saggy bright band, i.e., the descending of reflectivity peak and py, dip.

2. Riming can affect melting layer properties in the following ways,

(a) In moderate to heavy rainfall, riming may cause additional bright band sagging. However, the opposite effect is

5 observed in light precipitation, namely, such sagging is associated with unrimed snow.

(b) X-band radar reflectivity peak is smaller for rimed snow than unrimed for a given precipitation intensity, if the
non-Rayleigh scattering effect is not significant.
(c) If the non-Rayleigh scattering effect is distinct, e.g., at Ka- or W-band, the reflectivity peak can be larger for rimed

SNow.

10 (d) The reflectivity dip at the melting layer top (dark band) is obscured for rimed snow, while it is pronounced for

unrimed snow. This suggests that the aggregation process may be suppressed by riming.
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3. The decrease of Zg, towards the melting layer is pronounced in heavy precipitation but is insignificant in light precipita-

tion.

A well-calibrated triple-frequency radar setup has been shown potential in studying the microphysics of snowfall. However,
such measurements may not be well suited to rainfall due to the highly uncertain W-band attenuation caused by the melting
layer as well as the supercooled water. The approach presented explores the possibility of adding the Doppler velocity to
distinguish between unrimed and rimed conditions and is less affected by the attenuation from supercooled water. Such instru-
mentation as the X/Ka-SACR mounted on the same platform takes much less effort in pointing alignment. Its application may
also be expanded to space-borne radars. For example, instead of launching triple-frequency radars, implementing the Doppler
capability with sufficient sensitivity on either of the radars on a dual-wavelength platform may be served as an option.

A coordinated radar setup as employed during BAECC facilitates the synergy of multiple radar frequencies and polarimetric
observations at various scan modes. Due to the periodical changes of radar scanning modes during BAECC, the total strati-
form rainfall cases are limited to ~11.5 h. More such observations can be utilized to evaluate and consolidate the presented
conclusions. If such coordinated measurement with high time resolution can be obtained in the future, our understanding of

snow microphysical processes may be further advanced.
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