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Introduction

Melting layer is known as an area with enhanced radar reflectivity factor in centimeter radar measurements. This
enhancement, so-called bright band, is mainly due to the fast increase of the dielectric constant of the melting snow. The
bright band feature is significant for radars operating at S, C and X bands, but less obvious for Ka- and W-band radars, at
which the dip of reflectivity in the melting layer is reported and known as dark band (Kollias and Albrecht, 2005; Sassen et
al., 2005). Accompanied with the weakening bright band when the radar wavelength moves towards millimeter, signal
attenuation in the melting layer becomes a knotty problem. The unknown melting layer attenuation blocks the retrieval of ice
cloud above for ground-based cloud radars (Illingworth et al., 2007), and hinders the interpretation of rainfall for spaceborne radars operating at Ka and W bands which provide global observations from the top to down (Stephens et al., 2002;
Hou et al., 2014; Illingworth et al., 2015).
It is believed that if the melting layer model could reproduce the radar reflectivity correctly, the melting process described
in the model is confidential. A lot of works have been devoted into develop realistical models to predict microphysical
processes inside the melting layer (e.g., Fabry and Zawadzki, 1995; Szyrmer and Zawadzki, 1999; Leinonen and von Lerber,
2018). Matrosov (2008) derived melting layer attenuation relation for X, Ka and W bands based on the existing melting layer
models, and matched the model output with X band radar reflectivity profiles. However, Fabry and Szyrmer (1999) found
that the bright band model is very sensitive to the assumed electromagnetic properties. Johnson et al. (2016) demonstrated
that the electromagnetic properties of the melting snow are highly uncertain because of the water distribution inside. Thus,
actual measurements are imperative for better understanding the physical processes in the melting layer as well as
constraining the models.
Bellon et al. (1997) determined the melting layer attenuation at X band by the combination of X band and UHF radar
measurements. von Lerber et al. (2015) estimated the melting layer attenuation at C band when the melting layer reaches the
ground. Recently Nakamura et al. (2018) derived the melting layer attenuation at Ka band via a dual Ka-band radars
deployment. However, there is no measurement study on W band melting layer attenuation.
Due to the large data volume, the potential of radar Doppler spectra was not fully investigated in the past. In addition, the
combination of radar measurements at different frequencies was demonstrated to reveal more underlying microphysical
information (Sekelsky et al., 1999). Tridon et al. (2013) retrieved the rain attenuation at W band by utilizing the flat Rayleigh
regime in Ka-W dual-wavelength Doppler spectra ratio. The Rayleigh scattering regime in multi-frequency radar Doppler
spectra is also reported in snow by Kneifel et al. (2016). Can we use the Rayleigh regime in multi-frequency radar Doppler
spectra to determine the melting layer attenuation at Ka and W bands? This paper provides a roadmap to answer this
question.
2

Data

From February to September 2014 Biogenic Aerosols Effects on Clouds and Climate (BAECC) field campaign was
carried out at the University of Helsinki Hyytiälä Station (Petäjä et al. 2016),. Dual-frequency (X/Ka) and dual-polarized
scanning Atmospheric Radiation Measurement (ARM) cloud radar (X/Ka-SACR) and the zenith-pointing W band ARM
cloud radar (MWACR) were deployed during BAECC. The range gate spacing for X/Ka-SACR is 25 m, and 30 m for
MWACR. The X/Ka-SACR radars were running different scanning modes during BAECC, we use the vertical pointing data
during the precipitation event 12th June 2014 in this study. The original temporal resolution (2 s) is averaged into 1 min for
all radar data. More details about the radar products are referred to (Kneifel et al., 2015) and (Petäjä et al. 2016). Radar
reflectivity is calibrated by matching the lowest reflectivity to the reflectivity simulated from the video distrometer. Gaseous
attenuation is corrected by using the sonding data as input to the millimeterwave propagation model (Liebe, 1985). Since the
mispointing of MWACR leads to horizontal shift of W band spectrum, we adopt the method proposed by Kneifel et al. (2016)
to correct the W band spectrum by matching the Rayleigh regime of W band to that of Ka band.
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3

Method

3.1

Theoretical basis

Regarding the attenuation effects, the measured radar reflectivity factor for a radar operating at the wavelength of λ at the
range of r can be expressed in the following form (Tridon et al. 2013),
𝑟

𝑍𝑚,𝜆 (𝑟) = 𝑍𝑒,𝜆 (𝑟) − 2 ∫ 𝛼𝜆 (𝑠)𝑑𝑠

( 3.1 )

0

where Ze,λ is the equivalent radar reflectivity factor, αλ is the one-way specific attenuation including the attenuation from
gases, hydrometeors, and wet radome at the wavelength of λ. Dual-wavelength ratio (DWR) between radars operating at two
wavelength λ1 and λ2 (λ1 > λ2 ) is defined as,
𝐷𝑊𝑅(𝑟) = 𝑍𝑚,𝜆1 (𝑟) − 𝑍𝑚,𝜆2 (𝑟)

( 3.2 )

Thus,
𝑟

𝐷𝑊𝑅(𝑟) = 𝑍𝑒,𝜆1 (𝑟) − 𝑍𝑒,𝜆2 (𝑟) + 2 ∫ [𝛼𝜆2 (𝑠) − 𝛼𝜆1 (𝑠)]𝑑𝑠

( 3.3 )

0

where the first and the second terms correspond to Mie scattering effect, and the third term is the attenuation effect. For
centimeter-wavelength where most raindrops and snowflakes are good Rayleigh scatters, the Mie scattering effect is 0. After
matching the reflectivities from two radars at the bottom of the melting layer, the melting layer attenuation at the higher
frequency can be derived after separating the gaseous attenuation. The DWR technique was used to quantify X band melting
layer attenuation (Bellon et al., 1997) since most hydrometeors are Rayleigh scatters at X band. However, when it comes to
millimeter wavelength, the DWR technique may not be applicable due to the Mie scattering.
3.2

Rain attenuaiton

Nevertheless, there are still small hydrometeors which fall in Rayleigh scattering regime in the millimeter-wavelength
radar projected volume. Tridon et al. (2013) demonstrated that the Rayleigh regime in dual-wavelength Doppler spectral
ratio (DSR) can be used to untangle the rain attenuation and Mie effect at W band. As shown in Figure 1, the spectrums for
X- and Ka-band radars are very similar though the Mie scattering effect starts to emerge when the velocity exceeds 8 m/s.
The Mie effect on W band is significant as indicated by the significant dip at around 6.8 m/s in W band spectra. The flat
plateau in Ka/W DSR is characterized by the falling velocity within 4 m/s as reported in (Tridon et al., 2013). The flat part in
X/Ka DSR is also obvious though a bit noisier. It should be noted that the combination of X and W bands is not applied this
study, since the sensitivity of X-band radar is not as good as Ka-band radar and might obscure the Rayleigh regime. The
Ka/W DSR in Rayleigh regime at the range of r is defined as,
𝑣𝑛𝑜𝑖𝑠𝑒,𝑊

𝐷𝑆𝑅𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ (𝐾𝑎, 𝑊, 𝑟) =

∫𝑣

𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑟𝑎𝑖𝑛

[𝑆𝐾𝑎 (𝑣) − 𝑆𝑊 (𝑣)]𝑑𝑣

( 3.4 )

𝑣𝑛𝑜𝑖𝑠𝑒,𝑊 − 𝑣𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑟𝑎𝑖𝑛

where SKa and SW indicate power spectral density at Ka and W bands respectively, vnoise,W and vRayleigh,rain represent the
minimum and maximum velocity range in the Rayleigh regime respectively. To ensure the data quality, vnoise,W is determined
where the power spectral density is 10 dB above the W-band noise level. vRayleigh,rain is set to 4 m/s. Similarly, the X/Ka DSR
in Rayleigh regime for rain at the range of r is defined as,
𝑣𝑛𝑜𝑖𝑠𝑒,𝑋

𝐷𝑆𝑅𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑟𝑎𝑖𝑛 (𝑋, 𝐾𝑎, 𝑟) =

∫𝑣

𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑟𝑎𝑖𝑛

[𝑆𝑋 (𝑣) − 𝑆𝐾𝑎 (𝑣)]𝑑𝑣

( 3.5 )

𝑣𝑛𝑜𝑖𝑠𝑒,𝑋 − 𝑣𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑟𝑎𝑖𝑛

where vnoise,X is determined where the power spectral density is 10 dB above the X-band noise level. Thus the rain attenuation
at Ka band from ground to r can be expressed as,
𝐴𝑟𝑎𝑖𝑛 (𝐾𝑎, 𝑟) = 𝐷𝑆𝑅𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑟𝑎𝑖𝑛 (𝑋, 𝐾𝑎, 𝑟) + 𝐴𝑟𝑎𝑖𝑛 (𝑋, 𝑟) + 𝐴𝑔𝑎𝑠 (𝑋, 0, 𝑟)

( 3.6 )

where 𝐴𝑟𝑎𝑖𝑛 (𝑋, 𝑟) is the rain attenuation at X band from ground to r, 𝐴𝑔𝑎𝑠 (𝑋, 0, 𝑟) is the gaseous attenuation at X band from
ground to r. The millimeterwave propagation model (Liebe, 1985) is applied to estimate the gaseous attenuation at X, Ka and
W bands in this study. Similarly, the rain attenuation at W band from ground to r can be written as,
𝐴𝑟𝑎𝑖𝑛 (𝑊, 𝑟) = 𝐷𝑆𝑅𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑟𝑎𝑖𝑛 (𝐾𝑎, 𝑊, 𝑟) + 𝐴𝑟𝑎𝑖𝑛 (𝐾𝑎, 𝑟) + 𝐴𝑔𝑎𝑠 (𝐾𝑎, 0, 𝑟)

( 3.7 )

where 𝐴𝑟𝑎𝑖𝑛 (Ka, r) is the rain attenuation at Ka band from ground to r, 𝐴𝑔𝑎𝑠 (𝐾𝑎, 0, r) is the gaseous attenuation at Ka band
from ground to r.
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Figure 1: Doppler spectrums of X-, Ka- and W-band radars in rain (a), DSR for X/Ka and Ka/W in rain (b).
3.3

Melting layer location and attenuation

For single-polarized radar, the location of the melting layer is detected by using the reflectivity-based method. During, the
multi-frequency radars are dual-polarized and capable of providing additional products such as 𝜌ℎ𝑣 , Zdr and Kdp. In this study,
we use the local dip of 𝜌ℎ𝑣 to detect the melting layer location.
Kneifel et al. (2016) presented the Rayleigh regime in DSR for Ka/W and X/Ka. As shown in Figue 2, the Doppler spectrum
in snow is much narrower than that in rain. The flat Rayleigh regime is around -1.1 m/s ~ -0.8 m/s, which is narrower and
noisier than that in rain. As expected, Ka band radar signal has longer wavelength, and the X/Ka DSR flat Rayleigh regime (1.3 m/s ~ -0.8 m/s) is more significant than that for Ka/W. Thus, the X/Ka DSR in Rayleigh regime for snow at the range of
r is defined as,
𝑣𝑛𝑜𝑖𝑠𝑒,𝑋

𝐷𝑆𝑅𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑠𝑛𝑜𝑤 (𝑋, 𝐾𝑎, 𝑟) =

∫𝑣

𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑠𝑛𝑜𝑤,𝑋/𝐾𝑎

[𝑆𝑋 (𝑣) − 𝑆𝐾𝑎 (𝑣)]𝑑𝑣

( 3.8 )

𝑣𝑛𝑜𝑖𝑠𝑒,𝑋 − 𝑣𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑠𝑛𝑜𝑤,𝑋/𝐾𝑎

where vRayleigh,snow,X/Ka indicates the velocity which is 0.3 m/s (absolute value) smaller than the vnoise,X . For Ka/W DSR,
𝑣𝑛𝑜𝑖𝑠𝑒,𝑊

𝐷𝑆𝑅𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑠𝑛𝑜𝑤 (𝐾𝑎, 𝑊, 𝑟) =

∫𝑣

𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑠𝑛𝑜𝑤,𝐾𝑎/𝑊

[𝑆𝐾𝑎 (𝑣) − 𝑆𝑊 (𝑣)]𝑑𝑣

( 3.9 )

𝑣𝑛𝑜𝑖𝑠𝑒,𝑊 − 𝑣𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑠𝑛𝑜𝑤,𝐾𝑎/𝑊

where vRayleigh,snow,Ka/W indicates the velocity which is 0.3 m/s (absolute value) smaller than the vnoise,W . For a meling layer
locating from r1 to r2 (r1 < r2), the melting layer attenuation at Ka and W bands can be expressed as,
𝐴𝑀𝐿 (𝐾𝑎) = 𝐷𝑆𝑅𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑠𝑛𝑜𝑤 (𝑋, 𝐾𝑎, 𝑟2 ) − 𝐴𝑟𝑎𝑖𝑛 (𝐾𝑎, 𝑟1 ) + 𝐴𝑀𝐿 (𝑋) - 𝐴𝑔𝑎𝑠 (𝐾𝑎, 𝑟1 , 𝑟2 )

( 3.10 )

𝐴𝑀𝐿 (𝑊) = 𝐷𝑆𝑅𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ,𝑠𝑛𝑜𝑤 (𝐾𝑎, 𝑊, 𝑟2 ) − 𝐴𝑟𝑎𝑖𝑛 (𝑊, 𝑟1 ) + 𝐴𝑀𝐿 (𝐾𝑎) + 𝐴𝑔𝑎𝑠 (𝐾𝑎, 𝑟1 , 𝑟2 ) − 𝐴𝑔𝑎𝑠 (𝑊, 𝑟1 , 𝑟2 )

( 3.11 )

where 𝐴ML (X) indicates the melting layer attenuation at X band incorporating the attenuation from melting snow and the
gaseous attenuation at X band throughout the melting layer. As stated before, gaseous attenuation at X band is very small,
and is assumed to 0 dB. Matrosov et al. (2008) presented the two-way melting layer attenuation at X-, Ka-, and W-bands as
𝐴𝑀𝐿 (𝑋) = 0.048𝑅1.05

( 3.12 )

𝐴𝑀𝐿 (𝐾𝑎) = 0.66𝑅1.1

( 3.13 )

𝐴𝑀𝐿 (𝑊) = 2.6𝑅0.87

( 3.14 )

where R is the rain rate (mm/h). Thus,
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𝐴𝑀𝐿 (𝑋)
1
=
≪ 𝐴𝑀𝐿 (𝐾𝑎) (𝑅 > 0.1 𝑚𝑚/ℎ)
𝐴𝑀𝐿 (𝐾𝑎)
13.75𝑅0.05

( 3.15 )

(3.15) indicates that the melting layer attenuation at Ka band is much larger than that at X band for normal rainfall. Thus,
the uncertainty from using the modelled relation for X-band is trivial in estimating Ka band attenuation.

Figure 2: Doppler spectrums of X-, Ka- and W-band radars in snow (a), DSR for X/Ka and Ka/W in snow (b).
3.4

Rayleigh scatters in the cloud top

Except for searching the narrow Rayleigh regime in X/Ka and Ka/W DSR, ice crystals at cloud top can be good Rayleigh
scatters at W band as well as at Ka band. Thus the DWR technique could also be utilized to estimate melting layer
attenuation. (3.10) and (3.11) could be rewritten as,
𝐴𝑀𝐿 (𝐾𝑎) = 𝑍𝑋 (𝑟3 ) − 𝑍𝐾𝑎 (𝑟3 ) − [𝐴(𝐾𝑎, 𝑟2 , 𝑟3 ) − 𝐴(𝑋, 𝑟2 , 𝑟3 )] − 𝐴𝑟𝑎𝑖𝑛 (𝐾𝑎, 𝑟1 ) + 𝐴𝑀𝐿 (𝑋) − 𝐴𝑔𝑎𝑠 (𝐾𝑎, 𝑟1 , 𝑟2 )

( 3.16 )

𝐴𝑀𝐿 (𝑊) = 𝑍𝐾𝑎 (𝑟3 ) − 𝑍𝑊 (𝑟3 ) − [𝐴(𝐾𝑎, 𝑟2 , 𝑟3 ) − 𝐴(𝑊, 𝑟2 , 𝑟3 )] − 𝐴𝑟𝑎𝑖𝑛 (𝑊, 𝑟1 ) + 𝐴𝑀𝐿 (𝐾𝑎)
+𝐴𝑔𝑎𝑠 (𝐾𝑎, 𝑟1 , 𝑟2 ) − 𝐴𝑔𝑎𝑠 (𝑊, 𝑟1 , 𝑟2 )

( 3.17 )

where ZX(r3), ZKa(r3), and ZW(r3) are radar reflectivity at the range of r3 (cloud top) for X, Ka and W band radars, respectively;
𝐴(X, 𝑟2 , 𝑟3 ), 𝐴(𝐾𝑎, 𝑟2 , 𝑟3 ) and 𝐴(W, 𝑟2 , 𝑟3 ) are the integrated total attenuation from melting layer top r2 to cloud top r3,
recpectively. The total attenuation above the melting layer contains the attenuation from dry snow, gaseous attenuation and
possibly-existed supercooled water. For this event, only gaseous attenuation is considered.
4

Results

The stratiform rainfall in 12th June 2016 was observed by the multi-frequency radars. The melting layer attenuation is
determined by utilizing (3.16) and (3.17). The retrieved melting layer attenuation is presented as a function of the X band
radar reflectivity at the rain top (bottom of the melting layer). The rain rate in (3.13) is converted in to the radar reflectivity
by using the Marshall-Palmer relation (Marshall and Palmer, 1948), which was used in (Matrosov, 2008). As shown in
Figure 3, the measured melting layer attenuation is well matched with the model developed by Matrosov (2008). The
increase of the Ka-band attenuation is also well characterized by the increasing radar reflectivity. Figure 4 presents the
melting layer attenuation at W band. The measurements in general agree with the modelled ones well, especially for light
precipitation (ZX <17). For relatively intense precipitation, the model seems to underestimate the melting layer attenuation.
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Figure 3: Ka-band melting layer attenuation

Figure 4: W-band melting layer attenuation
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