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1. INTRODUCTION 
 
 In stratiform rainfall, the melting layer (ML) is often 
presented and can be identified as an enhanced 
reflectivity band, the so-called “bright band”. Despite 
the debate on the exact microphysical processes that 
are taking place in the ML, both model simulations 
and observations have acknowledged that the radar-
observed ML characteristics (e.g., enhancement of 
radar reflectivity, depth of the bright band and the 
“sagging” of the bright band) are influenced by the 
snow microphysics above it. There is, however, a lack 
of understanding on how the observed ML properties 
can reveal the associated snow microphysics.  
 This study is aiming to advance our understanding 
on the link between snow microphysical processes 
and ML properties. To achieve this, we utilize the 
unique synergic observations collected during 
Biogenic Aerosols Effects on Clouds and Climate 
(BAECC) from vertically pointing W-, Ka- and X-band 
radars and a coinciding dual-polarized C-band radar 
RHI scans. Additionally, surface precipitation snowfall 
observations are used to derive a method to diagnose 
snow riming fraction from dual-frequency Doppler 
radar observations. This method in combination with 
dual-polarization radar observations are used to 
characterize prevailing snow microphysical processes 
that take place above the ML. 
 
2. MEASUREMENTS 
 
 The BAECC field campaign was carried out at the 
University of Helsinki Hyytiälä Station from February 
to September 2014 [Petäjä et al., 2016]. The vertically 
pointing X/Ka-band scanning Atmospheric Radiation 
Measurement (ARM) cloud radar (X/Ka-SACR) and 
marine W-band ARM cloud radar (MWACR) recorded 
the multi-frequency radar observations. A coinciding 
Finnish Meteorological Institute (FMI) C-band dual-
polarization radar operated Range-Height Indicator 
(RHI) scans over Hyytiälä, providing the unique co-
located observations for studying the stratiform 
precipitation. In this study, we use Zdr and Kdp 
measurements observed by the FMI C-band radar. 
Details of the multi-frequency radar setup and FMI C-
band radar can be found in (Kneifel et al., 2015) and 
(Li et al., 2018), respectively. 
 The calibration of X-SACR reflectivity is made by 
matching the simulated reflectivity from 2D-video 
disdrometer observations to the reflectivity observed 
at 500 m where the near-field effect is minimized 
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(Sekelsky, 2002, Falconi et al., 2018). The gaseous 
attenuation is corrected by using the closest radio 
sounding as input to the millimeter-wave propagation 
model (Liebe, 1985) at all radar frequencies. 
 Microphysical properties of snowflakes were 
retrieved by combining observations from National 
Aeronautics and Space Administration Particle 
Imaging Package (PIP) and two OTT Pluvio2 
weighting gauges (von Lerber et al., 2017). Such 
retrievals were made from BAECC to the winter of 
2018. 
 
3. METHODS 
  
 In this study, we have implemented a ML-
detection method using dual-polarized measurements. 
To examine the snow microphysical fingerprints on 
the ML, the riming fraction is introduced to separate 
unrimed and moderately/heavily rimed cases. 
 
3.1 Detection of the ML 
 
 The detection of ML is based on radar reflectivity 
and polarimetric measurements. As discussed by 
Wolfensberger et al. (2016), the use of 

hvρ  can 
underestimate the melting top. Thus, the local 
minimum of the X-SACR reflectivity gradient near the 

hvρ -detected ML top is identified as the melting top, 
which is similar with Wolfensberger et al. (2016). 
Instead of using 

hvρ  to derive the melting base, we 
use linear depolarization ratio (LDR) observed by 
KaSACR, as the LDR signal is larger and needs much 
lower accuracy than 

hvρ . 
 
3.2 Diagnosing snow riming fraction 
 

We use rime mass fraction (FR), the ratio of 
accreted ice mass from the supercooled water to the 
total snowflake mass (Moisseev et al., 2017; Li et al., 
2018), to classify unrimed and rimed snow. FR is 
defined as 

ur
1

ob
1

( ) ( )d
1

( ) ( )d

n n
n

n n
n

N D m D D
FR

N D m D D

∞

=
∞

=

= −
∑

∑
 

(1) 

where ( )nN D indicates the retrieved particle size 
distribution for the maximum particle diameter of 

nD , 

urm  and 
obm  are the mass of unrimed and observed 

snowflakes, respectively. 
urm  may be expressed by 

2.05
ur 0.0053m D=  as shown by Moisseev et al. (2017) 

and Li et al. (2018). 

                                                 



We use the algorithm developed by von Lerber et 
al. (2017) to retrieve the maximum particle diameter, 
particle size distribution, mass/velocity-size relation as 
well as precipitation rate (PR). Based on the 
scattering database of rimed snowflakes (Leinonen, & 
Moisseev, 2015; Leinonen & Szyrmer, 2015), the 
dual-wavelength ratio (DWR) between X- and Ka-
bands and the Doppler velocity observed by X-SACR 
(VX) can be derived. The impact of changing air 
density is mitigated by adjusting the air condition to 
1000 hPa and 0℃ (Heymsfield et al., 2007). 

 

 
Figure 1. Scatter plot of DWR(X, Ka) vs. VX (1000 
hPa and 0 ℃ ) colored with FR. Mass-size and 
velocity-size relations from (Locatelli and Hobbs, 1974) 
are adopted for reference (dashed lines).  
 
 As shown in Figure 1, the scatterplot of 
DWR(X,Ka) and VX shows significant dependence on 
FR. Power law fits for unrimed aggregates are applied 
to cases FR < 0.2 while the rimed cases are 
separated by 0.4 ≤ FR ≤ 0.6. The fit parameters are 
listed in the table below. 
 
Table 1. Fitted parameters for DWR(X,Ka) = aVX

b 

 
Fitted parameters a b 

LH74 
Unrimed 2.6 7.3 
Rimed 0.2 9.8 

Graupel 0.35 2.5 

PR ≤ 0.15 mm/h Unrimed 1.3 7.3 
Rimed 0.2 2.96 

0.15 mm/h < PR 
≤ 0.5 mm/h 

Unrimed 0.75 7.3 
Rimed 0.47 3.1 

0.5 mm/h < PR ≤ 
1 mm/h 

Unrimed 0.69 7.3 
Rimed 0.52 2.9 

1 mm/h < PR ≤ 4 
mm/h 

Unrimed 0.6 7.3 
Rimed 0.75 2.85 

 
4. RESULTS 
 

During BAECC, we have collected around 11 
hour’s observations of straitiform rainfall. As the time 
resolution for the FMI C-band radar RHI scan is 15 
minutes, fewer profiles are identified to match with the 
multi-frequency radar measurements. For most cases 

the relative humidity (RH) around the ML top is < 95%. 
Thus, the effects of dry air infiltration, e.g., decreasing 
reflectivity, descending dual-polarization 
measurements, thinning the ML thickness (Carlin & 
Ryzhkov, 2019), should be minimized. 
 
4.1 Zdr and Kdp profiles 
 

The Zdr and Kdp profiles observed by FMI C-band 
radar are generalized by the ML top observed by the 
vertically pointing radars. Figure 2 shows the Zdr and 
Kdp profiles grouped by PR. When PR ≤ 0.15 mm/h Zdr 
is around 0.5 dB with no significant changes with 
height, while Zdr decreases significantly as reaching 
the ML top when PR is larger. At the ML top, Zdr is 
very close to 0 dB, indicating the formation of large 
fluffy aggregates. Kdp does not response to the snow 
above the ML when PR < 1 mm/h, while Kdp starts to 
increase at around 2700 m above the ML top when 
the precipitation is heavier. 

 
4.2 Saggy bright band 
 
 Reflectivity profiles together with 

hvρ  is presented 
in Figure 3. Generally, rimed cases are characterized 
by weaker bright band than unrimed, which is in line 
with the modeling study by Zawazki et al. (2005). 
Using polarimetric observations, Kumjian et al. (2016) 
found that riming can lead to the “sagging” of bright 
band in a case study. Our statistical observations 
show that riming seems leading to slightly more 
downward excursion of the reflectivity and 

hvρ  when 
PR > 1. However, the minimum of 

hvρ  is higher for 
rimed snow than unrimed when the precipitation is 
lighter.  

 

 
Figure 2. Generalized Zdr and Kdp profiles observed 
by FMI C-band radar with RHI scanning. The original 
profiles are shifted to let the ML top height (detected 
by X/Ka-SACR) reach 0 m. Namely, the reference 
height of 0 m 
 



 
Figure 3. Normalized X-band radar profiles grouped 
by PR. Note that the profiles are shifted to let the ML 
top reach 0 m, and each reflectivity profile is 
normalized by offsetting the difference between ZX,rain 
and the median value of ZX,rain in the corresponding 
PR group. tunrimed and trimed indicate the total observing 
time in each group for unrimed and rimed cases, 
respectively. The median values of the 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 brackets) of 
relative humidity (RH) at the ML top for unrimed 
(RHunrimed) and rimed (RHrimed) cases in each group 
are presented near the ML top. The median and 
standard deviations (in brackets) of PR for unrimed 
(PRunrimed) and rimed (PRrimed) cases in each group 
are presented in the lower part. 
 
4.3 Dark band 
 
 The dark band is the decrease in the radar 
reflectivity near ML top (Kollias and Albrecht, 2005). 
For the spaceborne W-band radar, the observed dark 
band around the ML top may be due to the strong 
signal attenuation as discussed by Sassen et al. 
(2007). In this study, the dark band is identified as the 
decrease of radar reflectivity from above to the ML as 
shown by Sassen et al. (2005). Such dark band has 
also been called dim band by Heymsfield et al. (2008). 
 
 As shown in Figure 4, the decrease of W-band 
reflectivity starts as high as 1000 m above the ML. 
Such decrease is pronounced for unrimed and light 
precipitation cases, while no obvious dark band is 
found for rimed cases. Heymsfield et al. (2008) 
proposed that the formation of dark band at W-band 
above the ML is due to the change of particle size 
distribution during aggregation. The absence of dark 
band for rimed cases seems indicating that riming is 
associated with smaller particles, which is also 
supported by smaller DWR(X,Ka) of rimed cases 
above the ML (not shown). 

 
Figure 4. Same as Figure 3, but for the W-band radar. 
Note that the calibration of Ka-SACR is made by 
matching the reflectivity with X-SACR at cloud top, 
thus the attenuation from ML to above is not 
accounted. 
 
5. CONCLUSIONS 
  
 In this study, we developed a method to classify 
unrimed and rimed snow based on DWR(X, Ka) and 
VX. Statistical results show that, 
 1. Zdr decreases to around 0 dB as approaching to 
the ML except for when PR < 0.15 mm/h where no 
significant change is found. Kdp is not sensitive to light 
precipitation while starts increasing at around 3000 m 
above the ML when PR > 1 mm/h. 
 2. Precipitation intensity has the strongest impact 
on ML properties. Increase in precipitation intensity 
causes bright band sagging.  
 3. Riming plays a secondary role on modulating 
the ML properties.  
 1) In moderate to heavy rainfall, riming causes 
additional bright band sagging. Riming does not seem 
to be linked to bright band sagging in light 
precipitation. The opposite effect is observed, i.e., 
unrimed cases are associated with the bright band 
sagging. 
 2) The radar reflectivity peak in ML at X-band is 
larger for lightly rimed cases than for heavily rimed 
ones when the non-Rayleigh effects are not 
significant. 
 3) Dark band is absent for rimed snow while it is 
pronounced when snowflakes are unrimed at light 
precipitation. 
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