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Abstract The melting layer of precipitation has a major impact on remote sensing and
telecommunications. However, there is a shortage of observational studies to validate and constrain the
melting layer models especially for high‐frequency radar bands. In this paper, we report howmultifrequency
radar Doppler spectra can be used to retrieve the melting layer attenuation at Ka‐ and W‐bands. The
presented analysis is based on identifying Rayleigh scattering regions in radar Doppler spectra
measurements where dual‐wavelength spectral ratios can be related to differential attenuation. We show
that the estimated attenuation at Ka‐ and W‐bands agrees reasonably well with previously reported studies,
but there are indications of differences at higher rain rates. We advocate that this technique can be applied
to long‐term observations to advance our knowledge of the melting process. The parameterizations of
melting layer attenuation as a function of rain rate and radar reflectivity are also presented.

Plain Language Summary While the melting layer is a relatively narrow layer in precipitation
systems, it has a significant impact on telecommunication and remote sensing applications. For
spaceborne and ground‐based radar measurements, unaccounted attenuation in the melting layer may
cause significant errors in retrievals of rainfall rate and ice cloud properties, respectively. There are two
approaches to quantify attenuation in the melting layer, namely, through modeling or observations.
Modeling studies have been carried out and are reported in the scientific literature; however, it is
acknowledged that there is a shortage of observational studies that could help us to constrain the models.
In this paper, we present a study that utilizes radar Doppler spectra recorded at X‐, Ka‐, and W‐bands to
retrieve melting layer attenuation. We show that the estimated attenuation at Ka‐ and W‐bands agrees
reasonably well with previous studies, but there are indications of differences at higher rain rates. With the
utilization of this technique, long‐term observations are expected to advance our knowledge of the melting
process, as well as modeling of the melting layer attenuation for applications in millimeter‐wavelength
radars, passive microwave remote sensing, 5G/6G commercial links, and space‐Earth telecommunications.

1. Introduction

The melting layer of precipitation is an area where snowflakes melt into raindrops. In this layer the
hydrometeors undergo rather complex microphysical processes, while changing from irregularly shaped
ice particles into spheroid‐like water drops (Fabry & Zawadzki, 1995; Leinonen & von Lerber, 2018;
Matsuo & Sasyo, 1981; Yokoyama & Tanaka, 1984). In traditional weather radar observations, the melt-
ing layer can be identified by the enhanced radar reflectivity factor, the so‐called bright band, which is
caused among other things by the change in the hydrometeor dielectric properties. Propagation of radio
waves through the melting layer could lead to a detectable attenuation, which is comparable to the
path‐integrated rain attenuation (Bellon et al., 1997; Kollias & Albrecht, 2005). Although melting layer
attenuation does not pose major problems for centimeter wavelength radars if the propagation path
through the layer is not too long (von Lerber et al., 2015), it is considerable at millimeter wavelengths
and affects the interpretation of ground‐ and space‐based cloud and precipitation radar observations
(Illingworth et al., 2007; Mitrescu et al., 2010). For passive satellite microwave remote sensing, the
absence of an accurate estimate of excess extinction in the melting layer may also lead to significant
errors (Battaglia et al., 2003; Bauer et al., 1999). In addition, quantifying melting layer attenuation at
millimeter wavelengths becomes increasingly important as the radio waves in commercial
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communications (Siles et al., 2015) and Earth satellite links (Panagopoulos et al., 2004) move toward
higher‐frequency bands.

There are two main approaches for estimating the radar signal attenuation in the melting layer, namely,
model based or observation based. In the literature, there are a number of modeling studies that somewhat
differ in the parametrizations used in the microphysical and/or electromagnetic parts of the models (e.g.,
D'Amico et al., 1998; Fabry & Szyrmer, 1999; Liao et al., 2009; Matrosov, 2008; Olson et al., 2001; Planche
et al., 2014; Russchenberg & Ligthart, 1996; Skaropoulos & Russchenberg, 2003; von Lerber et al., 2015;
Zhang et al., 1994). Most of these models are capable of reproducing observed profiles of radar reflectivity
factor (D'Amico et al., 1998; Fabry & Szyrmer, 1999; Liao et al., 2009; Matrosov, 2008; Russchenberg &
Ligthart, 1996; von Lerber et al., 2015), dual‐polarized variables (Russchenberg & Ligthart, 1996), or
Doppler velocity profiles (Fabry & Szyrmer, 1999; Skaropoulos & Russchenberg, 2003). Using such a model-
ing approach, attenuation caused by the melting layer can be estimated (e.g., von Lerber et al., 2015). At
millimeter wavelengths, melting layer models are capable of reproducing radar signatures, such as the dis-
tinct dark band at the upper part of the melting layer (Kollias & Albrecht, 2005). However, due to the lack of
knowledge on thermodynamical (Leinonen & von Lerber, 2018) and scattering processes (Botta et al., 2010;
Johnson et al., 2016) that take place during melting, the computed melting layer attenuation values are
expected to be uncertain. For example, two widely used studies (Haynes et al., 2009; Matrosov, 2008) differ
in the computed W‐band attenuation values. Therefore, it is important to validate such estimates
by measurements.

Previously, such measurements were carried out by using centimeter wavelength radars. Bellon et al. (1997)
have used coinciding X‐band andUHF profiling radar observations to retrievemelting layer attenuation at X‐
band. Since precipitation observations at both frequency bands fall within the Rayleigh regime, the observed
reflectivity value difference can be linked to the attenuation. Due to the presence of non‐Rayleigh scattering
and potential additional attenuation (e.g., from supercooled liquid water), this approach is not directly
applicable at higher frequencies. Nakamura et al. (2018) have proposed to use two Ka‐band radars located
on amountain slope to estimatemelting layer attenuation at this frequency. The setup is difficult to replicate,
and there appears to be a lack of directmeasurements ofmelting layer attenuation atmillimeter wavelengths,
especially at W‐band. This study aims to address this topic.

Since several years, multifrequencyDoppler spectra observations are being recorded at a number ofmeasure-
ment sites. This research uses multifrequency Doppler spectra observations collected by the U.S. DOE
Atmospheric Radiation Measurement (ARM) 2nd mobile facility (AMF2) during the Biogenic Aerosols
Effects on Clouds and Climate (BAECC) field campaign in Finland (Petäjä et al., 2016). At vertical incidence,
radar Doppler spectra separate radar signals from hydrometeors according to their fall velocities (e.g.Kollias
et al., 2002, Moisseev et al., 2006, Spek et al., 2008). Since smaller particles usually fall slower, there may be a
part of the Doppler spectrum where the scattering from observed hydrometeors can be described using the
Rayleigh approximation even at W‐band (Kneifel et al., 2016; Tridon et al., 2013).

In this paper, we demonstrate the use of this Rayleigh region in multifrequency radar Doppler spectra to
derive melting layer attenuation. The proposed method can be used to correct for this attenuation in multi-
frequency Doppler radar measurements. However, as discussed later in the article, matching the radar
volumes is very important for the optimal performance of the method. That is why our focus is on deriving
the parametrizations and validating results of previously reported melting layer attenuation studies, using
carefully selected observations.

The topic presented in this work is of direct relevance to the cloud and precipitation remote sensing com-
munities working with ground‐ and space‐based observations. Furthermore, the study supports current
and future cloud and precipitation satellite missions, namely, the National Aeronautics and Space
Administration (NASA) CloudSat, Global Precipitation Measurement mission, and the European Space
Agency/Japan Aerospace Exploration Agency Earth Clouds, Aerosols and Radiation Explorer.

This paper is organized as follows. Section 2 presents the measurement setup and associated data processing.
Then, section 3 describes the procedure of this new technique and discusses the retrieval uncertainties. A
sanity check, a case analysis, and the retrieved melting layer attenuation are presented in section 4, and con-
clusions are summarized in section 5.
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2. Measurements

The rain events analyzed in this study were collected during the BAECC field campaign, which
was carried out at the University of Helsinki Hyytiälä Station from February to September 2014
(Petäjä et al., 2016). The radar data were recorded by the X/Ka‐band scanning Atmospheric Radiation
Measurement (ARM) cloud radar (X/Ka‐SACR) and by the zenith‐pointing Ka‐band (KAZR) and W‐

band ARM cloud radars (MWACR; Kollias et al., 2014; Kneifel et al., 2015; Falconi et al., 2018). X‐
and Ka‐SACR are dual‐polarization radar systems that record the copolar correlation coefficient and
the linear depolarization ratio, respectively. The range gate spacing for X/Ka‐SACR and KAZR is 25
m, 5 m less than that of MWACR. All the radars were recording Doppler spectra every 2 s using
512‐sample fast Fourier transform that resulted in the velocity resolution of about 2.3 cm/s for all the
radars. The original spectra were averaged, and the resulting temporal resolution is 14 s. The half‐power
beam widths of the X‐SACR, Ka‐SACR, KAZR, and MWACR radars are 1.27°, 0.33°, 0.33°, and
0.38°, respectively.

The data used in this study were collected when all the radars were pointing vertically. To maximize the
matching between measurements at various frequencies, X/Ka‐SACR measurements were used for analysis
of X/Ka‐band spectra, while KAZR andMWACR data were used for the Ka/W‐band spectra. The retrieval of
W‐band attenuation was done based on KAZR/MWACR combination, in which Ka‐band attenuation was
derived from Ka‐SACR and X‐SACR observations. This is done because the horizontal distance between X‐
SACR and MWACR was about 17 m (Petäjä et al., 2016), while the distance between KAZR and MWACR
was just a couple of meters.

It should be noted that MWACR had a small antenna pointing error of about 0.5 to 1°, caused by freezing
and thawing of the gravel under the radar container, which has led to some offset in measured vertical
Doppler velocity (Kneifel et al., 2016). Furthermore, due to the difference in the radar volumes, it was
observed that in some cases X‐ and Ka‐ band spectra were not well matched. To minimize the associated
errors, the MWACR (X‐SACR) spectra were shifted until the best match with the KAZR (Ka‐SACR) mea-
sured spectra was reached (Kneifel et al., 2016). It was found, however, that in the ice region the matching
of single‐peak spectra was very difficult to achieve. Given that there is no reliable indicator (e.g., presence
of detectable small peaks or valleys) for identifying a good spectra match, the resulting uncertainty in dual‐
wavelength spectral ratios can be as large as the expected attenuation contribution. For multipeak spectra
this uncertainty can be mitigated. Because of this, in this study only cases with multimodal spectra in the
snow region were used. Additionally, the size of the Rayleigh region in W‐band Doppler spectra can be
rather small and is easily affected by turbulent broadening (Tridon & Battaglia, 2015). The broadening
of spectra due to turbulence and cross wind (Doviak & Zrnic, 1984) results in power leakage from non‐
Rayleigh scattering spectra regions into the Rayleigh region and therefore biases the needed dual‐
wavelength spectral ratio (DSR) measurements. That is why Ka/W‐band spectra analyses were only per-
formed on cases with a well‐defined supercooled water peak (Luke et al., 2010).

Prior to analyzing the radar data, gaseous attenuation was corrected by applying the millimeter‐wave pro-
pagation model (Liebe, 1985), which was computed using the closest radio sounding data, which were car-
ried out four times per day (Petäjä et al., 2016).

To verify X‐SACR calibration and to compute rain‐specific attenuation at all the frequencies, radar vari-
ables were computed from 2‐D video distrometer (Schuur et al., 2001) observations by using Python
implementation of T‐matrix scattering calculations (PyTmatrix; Mishchenko & Travis, 1994; Wielaard
et al., 1997; Leinonen, 2014). The melting layer attenuation method is based on DSR measurements,
as discussed in the next section, and therefore is independent of potential reflectivity calibration offsets.
That is why no calibration is needed for Ka‐SACR, KAZR, or MWACR. The X‐SACR reflectivity values,
however, are used to derive parametrizations of melting layer attenuation as a function of radar reflec-
tivity and rain rate, which are affected by the calibration bias and the radome attenuation. To mitigate
this, the X‐SACR calibration was done by matching the observed reflectivity at about 500 m to the
reflectivity values computed from the 2‐D video disdrometer data. The time lag between the observed
and simulated radar reflectivity values was found to be around 1 min. Note that we did not use the low-
est range gate of X‐SACR due to the near‐field effects (Falconi et al., 2018; Sekelsky, 2002).
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3. Methods
3.1. General Description

Generally, radar signal attenuation through clouds and rain is greater at higher frequencies, resulting in so‐
called differential attenuation between radio waves of collocated radars operating at distinct frequencies
(Tuttle & Rinehart, 1983). If the radars observe weather echoes where hydrometeors are small enough to fall
within the Rayleigh regime, the ratio of the observed reflectivity factors, the dual‐wavelength ratio (DWR), is
mainly caused by the differential attenuation. This measurement has been used to retrieve the liquid water
content from dual‐wavelength radar observations, since most liquid droplets are good Rayleigh scatterers at
Ka‐band (Ellis & Vivekanandan, 2011) and at W‐band (Hogan et al., 2005). By applying the DWRmethod to
vertically pointing X‐band and UHF profiling radars measurements, Bellon et al. (1997) have estimated the
melting layer attenuation at X‐band, as the sizes of most hydrometeors below and above the melting layer
are much smaller than the X‐band wavelength.

However, the DWR method cannot be directly applied to retrieve the attenuation when the hydrometeors
are not Rayleigh scatterers (Gaussiat et al., 2003). Tridon et al. (2013) have proposed to use the slower falling
part of the vertically pointing Doppler spectra, where the Rayleigh assumption is valid, to study the attenua-
tion in rainfall.

Similar to rainfall, in the ice part of the precipitation the slower falling particles should be small enough
to be Rayleigh scatterers. Spek et al. (2008) have reported that spectral dual‐polarization radar signa-
tures of these particles are similar to those of ice crystals. Kneifel et al. (2016) have shown that spectral
multifrequency observations in this Doppler spectrum part behave in accordance with the Rayleigh
scattering approximation.

Figure 1 demonstrates multifrequency Doppler spectra properties above and below the melting layer as
was discussed above. As shown in Figure 1a, the melting layer can be recognized by the enhanced radar
reflectivity. The melting layer boundaries, shown in the figure and used in this study, were estimated using
X‐SACR measurements of the copolar correlation coefficient (Matrosov et al., 2007; Ryzhkov & Zrnic,
1998). The derivation of the differential attenuation in Figure 1a is highly dependent on the identification
of the Rayleigh region, as illustrated in panels (b) to (e), and will be discussed in the next section.

Assuming that multifrequency Doppler radar spectra are well matched, the Rayleigh parts of the spectra can
be recognized by the plateau in the observed spectral DSR. The observed DSR values in the Rayleigh part of
the Doppler spectra above the melting layer will be caused by differential attenuation due to combined wet
radome, rain, and melting layer, as well as possible calibration offsets. The same factors, except for the melt-
ing layer attenuation, contribute to DSR values in the Rayleigh region in rain. Therefore, by considering the
differences of the dielectric factors for hydrometeors below and above melting layer, the differential melting
layer attenuation can be estimated as

AML λ1; λ2ð Þ ¼ DSRRayleigh;above ML λ1; λ2ð Þ−DSRRayleigh;below ML λ1; λ2ð Þ

−10 log10
Kabove ML λ1ð Þj j2 Kbelow ML λ2ð Þj j2
Kbelow ML λ1ð Þj j2 Kabove ML λ2ð Þj j2

 !
; dB½ � (1)

where λ1 and λ2 are 30.9 and 8.5 mm (X‐ and Ka‐SACR) or 8.6 and 3.19 mm (KAZR and MWACR), respec-
tively. |Kabove ML(λ)|

2 is the dielectric constant of ice (X/Ka) or supercooled water droplets (Ka/W) at λ, and |

Kbelow ML(λ)|
2 is the dielectric constant of rain water at λ. DSRRayleigh;above ML λ1; λ2ð Þ stands for the average

DSR in the Rayleigh part of the spectrum just above the melting layer (ice for X/Ka, liquid water for

Ka/W), DSRRayleigh;below ML λ1; λ2ð Þ is the same but for below the melting layer (rain). As can be seen in
Figures 1b and 1c, the supercooled water DSR values are higher than those of ice. This difference can be
explained by the fact that the dielectric constants of ice at W‐, Ka‐, and X‐bands are almost the same, while

the dielectric constants of liquid water at these radar frequencies are different. Here DSRRayleigh λ1; λ2ð Þ is
defined as
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DSRRayleigh λ1; λ2ð Þ ¼ 10 log10

∑
vend

vi¼vstart
Sλ1 við Þ

∑
vend

vi¼vstart
Sλ2 við Þ

0
BBB@

1
CCCA; dB½ � (2)

where vstart and vend are velocity boundaries of Rayleigh region and will be discussed later; Sλ1 vð Þ and Sλ2 vð Þ
are spectral powers in linear scale at v observed by radars working at λ1 and λ2, respectively. As can be seen
in Figure 1a, the differential attenuation for Ka/W is about 3 times of that for X/Ka in rain. Their difference
at 500 m is mainly due to the radome attenuation, rain attenuation, and other calibration issues. There is no
significant increase of the differential attenuation for either X/Ka or Ka/W in snow. The differential attenua-
tion in the melting layer is larger for Ka/W than for X/Ka, confirming that the W‐band signal is attenuated
more than the Ka‐band upon propagation through the melting layer.

The above‐described procedure provides melting layer differential attenuation values for X/Ka and Ka/W
band radar observations. To retrieve absolute attenuation values, we use modeling results of Matrosov
(2008) that links melting layer attenuation to rain intensity for X‐band radar observations.

3.2. Identification of Rayleigh Scatterers in Doppler Spectra

The most important and somewhat challenging part of the presented method is the identification of the
Rayleigh scatterers in the observed radar Doppler spectra. In this study we have used three distinct
approaches for this, depending on the considered frequency bands andwhetherwe are dealingwithmeasure-
ments in rain or snow.

For all frequency bands in rain we follow the approach of Tridon et al. (2013), who have demonstrated that
the DSRs in rain exhibit a well‐defined plateau in the low‐velocity region, which is defined by small rain-
drops that satisfy the Rayleigh scattering assumption. Analysis of the cases used in this study shows that
the DSR plateau extends up to velocities of 2.5–3.5 m/s and 4–5 m/s for Ka/W and X/Ka spectral ratios,
respectively; see Figures 1d and 1e for an example. Tridon and Battaglia (2015) have shown that the spectral
broadening, due to air motion, could affect the Rayleigh plateau and bias the DSR measurements. To miti-
gate this, the optimal estimation method has been utilized (Tridon et al., 2017; Tridon et al., 2017; Tridon &
Battaglia, 2015). After inspecting the cases analyzed in this paper (see the list in the supporting information),
we found that the DSR in the Rayleigh region is rather flat and does not seem to be affected by the spectral

Figure 1. Differential attenuation and X‐SACR observed reflectivity factor (a). Spectra observations in snow and rain areas indicated by the gray and black arrows
are shown in panels (b, c) and (d, e) respectively. The gray shading identifies regions of spectra where hydrometeors are Rayleigh scatterers.
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broadening, which would skew the plateau (Tridon et al., 2013). This applies to X/Ka and Ka/W DSR obser-
vations. Furthermore, in the majority of cases the Ka/W DSRs exhibit distinct resonance scattering peaks in
the larger raindrop region; see Figure 1e, which is also an indication of low turbulence conditions (Tridon
et al., 2013). Therefore, it is expected that the derived combined attenuation due to wet radome and rain,
as well as possible calibration offsets can be estimated from the DSR Rayleigh plateaux in rain. To minimize
the impact of noise, the summation limits in (2) were determined as follows: vstart is defined as Doppler velo-
city where the signal‐to‐noise ratio (SNR) reaches 10 dB and the width of the Rayleigh plateau, vend‐vstart, is
estimated to be 2 and 1.5 m/s for X/Ka and Ka/W, respectively.

The identification of Rayleigh scatterers above the melting layer is more involved and depends on the fre-
quency band. Because ice particle velocities do not change as much with size as velocities of raindrops, the
Rayleigh plateau region is smaller in snow than in rain, as can be seen in Figures 1b and 1c. Analysis of
our data shows that X/Ka DSR Rayleigh plateau extends over at least 0.5 m/s. Therefore, for X/Ka in snow,
an SNR of 10 dB was adopted to determine vstart and the value of vend depends on the extent of Rayleigh pla-
teau. To avoid the potential impact of turbulence, cases with slanted Rayleigh region, namely, not a flat pla-
teau, due to significant spectral broadening were removed.

Locating the Rayleigh region in snow forW‐band seems to bemore difficult due to its relatively narrow span.
However, liquid water droplets in cloud are small enough to satisfy Rayleigh scattering assumptions at Ka‐
and W‐bands (e.g.Gaussiat et al., 2003, Hogan et al., 2005). In radar Doppler spectra, the supercooled liquid
water can be identified as a narrowwell‐defined peak close to zero Doppler velocity (Luke et al., 2010; Shupe
et al., 2004; Zawadzki et al., 2001). That is why we have used supercooled water peak, visible and distinct in
Figure 1c just above the melting layer, for computing DSR and estimating the differential attenuation
between Ka‐band and W‐band. Another benefit of adopting the supercooled water is that the total spectral
power of this peak is almost not affected by turbulence. Observations show that such supercooledwater peaks
barely exceed the noise level by a few dBs; thus, lower SNR (3 dB) was adopted to determine vstart and vend. By
contrast, the Rayleigh plateau in ice is used for X/Ka‐band observations since the supercooled water peaks
detected by Ka‐ and W‐band radars are not always detectable by X‐SACR.

3.3. Uncertainty Analysis

There are two uncertainty types relevant to this study, namely, statistical andmethodological. The estimation
of the differential attenuation includes computations of DSR below and above melting layer. Ignoring the
much smaller contribution from the dielectric factor term in (1), the statistical uncertainty of Ka‐band melt-
ing layer attenuation is defined as

ΔAML;Ka ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔDSRRayleigh;above ML X ;Kað Þ2 þ ΔDSRRayleigh;below ML X ;Kað Þ2

q
: (3)

Following the method utilized by Hogan et al. (2005),ΔDSRRayleigh X ;Kað Þ for high SNRmay be expressed as

ΔDSRRayleigh X ;Kað Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4:343

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
vend

vi¼vstart

SX við Þffiffiffiffiffi
M

p
� �2

s

∑
vend

vi¼vstart
SX við Þ

0
BBBB@

1
CCCCA

2

þ
4:343

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
vend
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SKa við Þffiffiffiffiffi
M

p
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s

∑
vend
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SKa við Þ

0
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1
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2
vuuuuuuut

¼ 4:343ffiffiffiffiffi
M

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
vend

vi¼vstart
SX við Þ2

∑
vend

vi¼vstart
SX við Þ

 !2 þ
∑
vend

vi¼vstart
SKa við Þ2

∑
vend

vi¼vstart
SKa við Þ

 !2

vuuuuuuut
; dB½ �

(4)

whereM is the number of independent samples. The numbers of sample averaged in raw data products are 3,
11, and 5 for X‐SACR, Ka‐SACR/KAZR, and MWACR, respectively. In this study, we have used averaging
over seven continuous Doppler spectra products, implying M = 21 (X‐SACR), 77 (Ka‐SACR/KAZR), and
35(MWACR).
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For W‐band attenuation the uncertainty can be expressed as

ΔAML;W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔAML;Ka

2 þ ΔDSRRayleigh;above ML Ka;Wð Þ2 þ ΔDSRRayleigh;below ML Ka;Wð Þ2
q

: (5)

We found that ΔAML,Ka and ΔAML,W of our estimates are 0.4–0.6 dB and 0.55–0.75 dB, respectively, mainly
depending on the number of spectra averaged.

The methodological uncertainties include potential errors caused by imperfectly matched Doppler spectra at
various wavelengths and computations of the absolute values of melting layer attenuation from the differen-
tial attenuation. To derive the absolute values of the melting layer attenuation, the relations linking X‐band
melting layer attenuation to rain rate proposed by Matrosov (2008) are used. von Lerber et al. (2015) have
shown that the melting layer attenuation depends on ice particle properties, that is, whether they are rimed
or unrimed. In the cases we have collected, the maximum reflectivity (fromX‐SACR) at melting layer peak is
about 41 dB, whichmay correspond to around 1‐dB X‐band attenuation according to Bellon et al. (1997). The
corresponding value estimated by Matrosov (2008) is about 0.26 dB. Therefore, Matrosov's relations could
underestimate or overestimate the attenuation. In this study, most melting layer cases are associated with
rimed snowflakes as revealed by the supercooled water peaks; thus, we expect that the X‐band attenuation
should be on the smaller side according to (von Lerber et al., 2015). Assuming that the actual X‐band attenua-
tion is 0.2 to 5 times that of Matrosov's relation, the expected error of the melting layer attenuation at X‐band
ranges from−1.04 (underestimation) to 0.21 (overestimation) dB. This translates to 20–30% error at Ka‐band
and <10% at W‐band in dB scale.

The uncertainties associated with Doppler spectra matching are difficult to quantify. In rain, the expected
large Rayleigh plateau facilitates the matching. In snow, we have used multimode spectra for matching.

4. Results

From all the rain cases recorded during BAECC, seven stratiform rain events were selected to estimate the
Ka‐bandmelting layer attenuation (~48min in total). These cases have satisfied our criteria, namely, the pre-
sence ofmultimodal spectra in ice region. From these cases, only three events showed detectable supercooled
liquidwater peaks (~24min in total) andwere used to computeW‐band attenuation (see supporting informa-
tion for the list).

4.1. Sanity Check, Comparison Against Cloud Top DWR

To verify whether our retrieval is meaningful, a comparison was made to the DWR at the cloud top
(DWRCT) where the Rayleigh assumption is valid. Therefore, the retrievals based on the DWRCT and
the DSR at melting layer top (DSRML_top) would be the same if there were no attenuation between the
melting layer top and cloud top. However, the fact is that such attenuation due to snow and supercooled
water above the melting layer could be significant, especially at W‐band (Kneifel et al., 2015). Therefore,
we expect that the results of the presented technique (DSRML_top) should always be smaller than the esti-
mates using the DWRCT‐based method.

To derive DWRCT, the area of cloud top where Rayleigh's assumption applies needs to be identified. Hogan
et al. (2000) have observed that the radar reflectivity of Rayleigh scatterers in ice clouds at W‐band is below
−20 dBZ, but it seems that the threshold of −15 dBZ or higher can also be used (Stein et al., 2015). After
analysing the DWRCT profiles, we found that the snow with reflectivity between −20 and −10 dBZ
observed by X‐SACR may also be treated as Rayleigh scatterers at W‐band. The radar reflectivity where
the Rayleigh assumption is satisfied seems to be dependent on snow type, which, however, is not the topic
of this paper. In addition, the DWRCT values are not stable when SNR is low, since the radar signal at the
highest detected cloud top is affected by noise. In this comparison, the cloud top where X‐band radar
reflectivity ranges from −20 to −10 dBZ and all radars' SNR > 10 dB was used to calculate DWRCT.

In Figure 2 the results of this comparison are shown. Note that the radome and rain attenuationwas removed
from DWRCT and DSRML_top values by subtracting DSR in the Rayleigh plateau derived just below the melt-
ing layer. As expected, the DWRCT‐based retrievals are larger than DSRML_top‐based for X/Ka and for Ka/W,
indicating the nonnegligible attenuation above the melting layer top. Furthermore, the difference between
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the two approaches is larger for Ka/W than for X/Ka‐bands. More specifically, the difference between the
results from DWRCT and DSRML_top can be as large as 1.5 dB for X/Ka and 4 dB for Ka/W on 11 May 2014,
an event with significant supercooled water signatures in spectra observations. While this figure does not
prove that the derived melting layer attenuation values are correct, it gives a level of confidence that our
retrievals are reasonable.

4.2. Case Study, 11 May 2014

On 11 May 2014, a stratiform precipitation system passed over the Hyytiälä station. During BAECC the X‐
SACR and Ka‐SACR were regularly performing range height indicator scans and the Doppler spectra data
are not continuous. Only a short period of about 22 min when all radars were pointing vertically is available
for this event.

In Figure 3a, the X‐SACR height time observations of reflectivity factor are shown. As can be seen the bright
band is clearly visible and its height is around 1.2 km. There are three short periods of rain showers around
03:05, 03:15, and 03:20 UTC. The precipitation cloud top height is about 3 km. There is also a second cloud
layer, which starts just below 4 km. The upper cloud is an ice cloud, and particles in its upper part can be
regarded as Rayleigh scatterers.

To compute the differential attenuation, both DSR and DWR observations were corrected for rain, radome
attenuations, and calibration offsets by subtracting estimated just below the melting layer. That is why
DWR(X, Ka) values become negative in rain. This effect for DWR (Ka, W) is obscured by the non‐
Rayleigh scattering. The influence of differential attenuation on observations is clearly visible in the DWR
measurements of the upper cloud, Figures 3b and 3d.

The comparisons of the differential attenuation estimates using DSRML_top and DWRCT are shown in
Figures 3c and 3e. As expected DWRCT‐based estimates are higher, because they also include attenuation
due to snow and possibly supercooled liquid water. The melting layer differential attenuation between X‐
band and Ka‐band (Figure 3c) shows dependence on precipitation intensity; namely, the higher the precipi-
tation intensity, the larger the melting layer attenuation. Such dependence can also be found in Figure 3e,
however, with smaller relative variations.

The biggest difference between DWRCT and DSRML_top observations is found around 03:10 UTC and can be
seen in Figure 3e. This larger difference between the DWRCT and DSRML_top values is most probably due to
the attenuation above the melting layer, which is possibly caused by supercooled water that attenuates more
at W‐band.

Overall, the comparison of DWRCT and DSRML_top based differential attenuation retrievals show that
DWRCT tends to overestimate the melting layer attenuation. Even though the attenuation due to snow could
potentially be accounted for (e.g., Leinonen et al., 2011), the attenuation from supercooled liquid water can-
not be currently removed.

Figure 2. Comparison of calculated diffrential attenuations using DWR at cloud top and DSR at themelting layer top for X‐
SACR/Ka‐SACR (a) and KAZR/MWACR (b). Note that dielectric factor for supercooled water in (b) was scaled to ice.
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4.3. Parametrizations of Melting Layer Attenuation

It is customary to express the melting layer attenuation either as a function of precipitation rate or unatte-
nuated reflectivity below the melting layer. For this we have used disdrometer‐corrected X‐band reflectivity
values and rain rates derived from these values. We have decided not to use the surface rain rate measured by
one of our ground‐based precipitation sensors, because of the potential rain evaporation (Tridon, Battaglia,
& Watters, 2017). The disdrometer‐corrected X‐band reflectivity beneath the melting layer was converted to
rain rates by the Z‐R relations, which were derived from the hourly disdrometer data and not from the whole
events (see the comparison in supporting information). This approach allows for adaptive Z‐R conversions.
It should be noted that in order to compute the W‐band attenuation, not only the differential attenuation
between Ka‐band and W‐band but also the X‐/Ka‐band differential attenuation should be derived. Since
the selection criteria for Ka/W and X/Ka spectra analysis cases are not the same, not in all cases Ka/W
and X/Ka differential attenuation values can be estimated simultaneously. In such situations, the closest
retrieved Ka‐band attenuation value, within 1‐min of Ka/W spectra observations, was used as the input in
calculating the W‐band attenuation.

Figure 3. Differential attenuation due to the melting layer for 11 May 2014 precipitation event. Radar reflectivity profiles
observed by X‐SACR are given in panel (a), DWR profiles for X‐/Ka‐SACR in (b) and KAZR/WMACR in (d). The retrieved
melting layer differential attenuation from X‐/Ka‐SACR observations is shown in panel (c) and KAZR/WMACR in (e).
Similar to Figure 2, panels (c) and (e) compare the DWR values calculated at cloud top and DSR values derived from the
Rayleigh parts of spectra observations at melting layer top, respectively. The gaps during 03:10–03:15 in (b) and (c) are due
to missing of X‐ and Ka‐SACR spectra data.
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In addition to total attenuation, specific melting layer attenuation was also computed. The specific attenua-
tion is defined as the total attenuation divided by the melting layer thickness. Additionally, the rain specific
attenuation values, for the studied cases, were computed from the disdrometer data by using PyTmatrix.

In Figure 4, the derived parametrizations are presented and compared to the attenuation‐rain rate (A‐R)
expressions of Matrosov (2008). In Figure 4 (a1, b1), the rain rate in Matrosov (2008) relations was converted
to the radar reflectivity factor by applying the Marshall and Palmer relation, that is, Z = 200R1.6 (Marshall
et al., 1955; Marshall & Palmer, 1948). As can be seen, the melting layer attenuation for Ka‐ and W‐bands
depends on the reflectivity factor, rain rate, and the melting layer thickness. The melting layer thickness
increases as the reflectivity factor rises, which is in agreement with previous studies (e.g.Fabry &
Zawadzki, 1995, Wolfensberger et al., 2016). Similar to Bellon et al. (1997), we found that the melting layer
peak reflectivity at X‐band seems to be better correlated to melting layer attenuation than the rain rate (see
supporting information).

As shown in Figures 4a and 4b, the observed results both for Ka‐ and W‐bands agree reasonably well with
Matrosov's relations, at least in cases where the rain rate is less than 3mm/hr (Z< 30 dBZ). Such good agree-
ment is noteworthy, given the recent discussion of the applicability of the Effective‐Medium Approximation
for modeling scattering properties of snowflakes andmelting ice particles (Johnson et al., 2016). It could pos-
sibly be explained by the fact that the forward scattering computations do not necessarily need complex par-
ticle models, as shown by scattering computations of snowflakes (e.g.Hogan et al., 2017, Hogan &
Westbrook, 2014, Leinonen et al., 2018, Tyynelä et al., 2013). However, these studies focused on dry snow-
flakes and no similar computations for melting particles were done.

For higher rain rates (Z > 30 dBZ), the observations show smaller attenuation values than the model despite
the fact that a very limited number of cases were analyzed. It is interesting to note that this difference between
the model and observations is similar for Ka‐ and W‐bands. This attenuation overestimation in modeling
results might be due to the assumptions made about snow physical properties. The model assumes that the
snowflakes are unrimed/lightly rimed (Matrosov, 2008), whilemost of our observation cases, especiallywhen
Z> 30 dBZ, exhibit well‐defined supercooled water signatures, which could lead to higher degrees of riming.
von Lerber et al. (2015) have shown that under similar conditions, that is, rain intensity, the rimed snow-
flakes would lead to lowermelting layer attenuation. It should also be noted that in addition to density, snow-
flake shape is also affected by riming (Li et al., 2018), which may have a significant impact on scattering
properties of ice particles especially at millimeter wavelengths.

The fitted relations for melting layer attenuation (dB) at Ka‐band are

AKa ¼ 0:97R0:61 or AKa ¼ 0:13Zlin
0:38 Zlinis reflectivity in mm6=m3
� �

; (6)

and at W‐band,

AW ¼ 2:9R0:42 or AW ¼ 0:67Zlin
0:27: (7)

As shown in Figures 4c and 4d, the melting layer specific attenuation at Ka‐ and W‐bands increases with
reflectivity factor and rain rate and melting layer width. Compared to rain, the specific attenuation in the
melting layer is significantly larger. The derived relations for melting layer and rain one‐way specific
attenuations at Ka‐band are as follows:

kML Ka ¼ 1:2R0:42 or kML Ka ¼ 0:29Zlin
0:27; (8)

krain Ka ¼ 0:2R1:11 or krain Ka ¼ 0:01Zlin
0:63; (9)

and at W‐band,

kML W ¼ 3:4R0:3 or kML W ¼ 1:2Zlin
0:2; (10)

krain W ¼ 1:43R0:68 or krain W ¼ 0:14Zlin
0:44: (11)

As shown in Figure 4 (c2, d2), the fit for rain agrees rather well with that derived from field campaign obser-
vations (Matrosov, 2005; Matrosov, 2007).
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Using these fits, we calculated the ratio of the specific attenuation of melting layer and rain and found that it
decreases from 4.3 to 1.5 and from 2.4 to 1.2 for Ka‐ and W‐bands, respectively, as the reflectivity rises from
23 to 36 dBZ. A similar decreasing behavior of specific attenuation ratio was observed for X‐band by Bellon
et al. (1997; see the comparison in supporting information).

5. Conclusions

In this paper, we present a technique for deriving the melting layer attenuation at Ka‐andW‐bands using X‐,
Ka‐, andW‐band vertically pointing radar Doppler spectra. The retrieval is based on themeasurements of dif-
ferential attenuation, which avoids potential radar calibration and wet radome issues. Using data collected
during U.S. DOEARM funded BAECC experiment, melting layer attenuation was derived and parametrized.
The presented sanity check and case study show the necessity of utilizing the DSRML_top instead of simply
using the reflectivity difference at the cloud top. Despite the limited observations (~48 and ~24 min for Ka‐

Figure 4. The derivedmelting layer attenuation and specific attenuation for Ka‐band (a and c) andW‐band (b and d). The
subscripts 1 and 2 indicate the functions of radar reflectivity factor and rain rate, respectively.
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andW‐bands, respectively), the results show similar trends as previously found at X‐band radar observations
and agree reasonably well with the previously reported modeling studies. This agreement indicates a possi-
bility of adopting simpler melting snowflake models for forward scattering computations. It is, however,
found that the modeling‐based attenuation parametrization seems to overestimate the attenuation for mod-
erate to heavy rainfall. This difference could possibly be explained by the assumed snowmicrophysical prop-
erties that are used as input into the melting layer model. This stresses the need for more comprehensive
modeling‐ and observation‐based studies of melting layer properties.

Despite the focus of this study on deriving melting layer attenuation parametrizations, the proposed techni-
que can be applied to mitigate the melting layer attenuation in ground‐based radar measurements. This,
however, requires multifrequency radar observations with well‐matched radar volumes. The application of
this method to space‐ and aircraft‐based observations is further complicated by the requirements of high‐
fidelity Doppler spectra measurements.

Mainly due to the expensive data storage in the past, spectra observations are still underexploited. Long‐term
records ofmultifrequency radar Doppler spectra are therefore expected to advance our knowledge on themelt-
ing layer and to develop more realistic models for applications in commercial/satellite communications,
ground‐/space‐borne radar remote sensing, quantitative precipitation estimation, and radar data assimilation.
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