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ABSTRACT

Ground-based snowfall observations over Antarctica are rare due to the harsh environment and high logistical,
equipment maintenance, and operational costs. Satellite measurements are crucial to provide continent-wide
precipitation estimates, and this highlights the importance of validating the satellite estimates with measure-
ments collected by ground-based Antarctic stations. The NASA CloudSat satellite, launched in 2006, is equipped
with a 94 GHz (W-band) Cloud Profiling Radar (CPR) that provides measurements of reflectivity profiles of
clouds and precipitation, whereas the incoming ESA/JAXA EarthCARE mission will add Doppler capability to a
94 GHz radar. This study explores how the synergy between two instruments available at most Antarctic stations,
i.e., Micro Rain Radar (24 GHz, K-band) and laser disdrometer, can be used to validate satellite-borne W-band
radar measurements, including Doppler estimates. A new validation methodology (K2W) was proposed to
combine these instruments for simulating the 94 GHz reflectivity and Doppler measurements from Micro Rain
Radar spectra. Assessment of the proposed K2W conversion methodology showed that the CloudSat Z. profiles
can be simulated by the method with 0.2 dB mean difference at the lowest satellite radar range bin when time lag
within +12.5 min and the distance within 25 km around the CloudSat overpass were considered. With the K2W
method, the 94 GHz Doppler velocity below 1 km altitude that would be observed by EarthCARE was obtained,
and the standard deviation of the simulated Doppler velocity was found to be smaller than about 0.2 m s~!. The
simulated 94 GHz Doppler radar profile information, which is less affected by attenuation compared to ground-
based 94 GHz radar, will significantly improve the quantification of precipitation over Antarctica. This meth-
odology will be applied to further assess the EarthCARE CPR Doppler velocity measurement accuracy as well as
the Level 2 standard products for precipitation in Antarctica and at many other ground observation sites.

1. Introduction

Precipitation in Antarctica influences the Earth’s hydrological cycle
and energy budget and can reveal significant effects of climate change.
Antarctic precipitation usually occurs in the form of solid precipitation,
which is the most important positive term of the surface mass balance of
the Antarctic Ice Sheet, which in turn influences global climate vari-
ability and sea level rise (Frezzotti et al., 2013). Recent increases in the
loss of mass ice are likely related to the warming of the ocean, but
precipitation can influence this trend; that is, increases in precipitation
related to climate change could compensate for the contribution of the
ice sheet to sea level rise (Medley and Thomas, 2019). The Coupled
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Model Intercomparison Project Phase 6 (CMIP6) General Circulation
Models (GCMs) suggests an increase in the amount of precipitation over
Antarctica under all considered emissions scenarios, but with relatively
large temperature and precipitation projection ranges (the Intergov-
ernmental Panel on Climate Change (IPCC), Sixth Assessment Report
(AR6) (IPCC, 2021)). The IPCC ARG reported that majority of the CMIP
phase 5 (CMIP5) models overestimates current Antarctic precipitation
and little improvement have been observed in the representation of
Antarctic precipitation in the CMIP6 models. Unfortunately, precipita-
tion measurements collected at the surface are extremely scarce. There
are no data for most of the continent, and the major sources of infor-
mation about precipitation are satellite estimates or reanalysis models.
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This reinforces the urgency to correctly quantify precipitation and
distinguish its phase at small spatial scales.

The National Aeronautics and Space Administration (NASA) Cloud-
Sat 94 GHz Cloud Profiling Radar (CPR) has been the reference for
obtaining precipitation estimates and validating models since 2006
because of its ability to profile the structure of clouds from space. In
2024, the mission EarthCARE (EC), by the European Space Agency (ESA)
and Japan Aerospace Exploration Agency (JAXA), will put a Cloud
Profiling Radar (EC-CPR) in orbit with increased sensitivity with respect
to the CloudSat instrument and that will allow Doppler profiling for the
first time (Illingworth et al., 2015). All of the satellite and reanalysis
products require extensive validation in Antarctica, both to verify as-
sumptions underlying retrievals and to quantify uncertainties.

Ground-based validation of satellite products is not trivial because of
differences in sampling areas, blind zones close to the ground where
satellite measurements are unreliable, and the rarity of overpasses with
precipitation. CloudSat validation has been performed in several ways,
mostly relying on ground-based radars operating at different fre-
quencies, not necessarily that of CPR (Protat et al., 2009). The use of a
longer radar wavelength has the advantage of being less affected by
attenuation from hydrometeors. The disdrometer (usually laser) and
Micro Rain Radar (hereinafter MRR), a 24 GHz Doppler radar profiler
manufactured by METEK GmbH, Germany, are relatively common pre-
cipitation instruments available at stations in Antarctica. These in-
struments are suitable for unattended operation in the Antarctic
environment. Recent studies in Antarctica (Bracci et al., 2021) and in the
Arctic (Schoger et al., 2021) have demonstrated that the synergy of these
instruments provides reliable information on precipitation levels and
microphysics. At 24 GHz, the attenuation effects due to propagation
through snow are considered negligible (Maahn and Kollias, 2012),
contrary to the case with propagation through rain. Therefore, valida-
tion of CloudSat and EarthCARE must take into account such in-
struments, particularly for Antarctica, although other aspects, such as
differences in frequency, sensitivity, co-location and instrument sam-
pling between ground-based and satellite-borne radar, among other is-
sues, should be taken into consideration.

In this study, we developed a method to obtain the 94 GHz (W-band)
radar reflectivity and Doppler profiles from radar Doppler spectrum at
24 GHz (K-band) and disdrometer observations on the ground. Our
approach allows comparison and validation of radar reflectivity and
Doppler profiles between ground-based and satellite-borne radar using
affordable and low-maintenance instrumentation at the surface. This
instrumentation can also be deployed in harsh and extreme regions, such
as Antarctica, thus increasing the number of validation sites. Further-
more, obtaining Doppler profiles could be beneficial for validating
measurements from the next ESA/JAXA EarthCARE satellite mission.

The remainder of this manuscript is organized as follows. Section 2
describes the Mario Zucchelli Station (MZS) site, instrumentation, and
the datasets used. Data processing and all methodologies are also
described. Section 3 compares data and discusses the consistency be-
tween radar and disdrometer observations in terms of radar reflectivity
and particle velocities. Finally, Section 4 presents our conclusions,
underlining the primary outcomes and the potential of the proposed
method for future work.

2. Instruments and dataset
2.1. MZS Antarctic observatory

MZS (74.7°S, 164.1°E, 10 m a.s.l.) is located at Terra Nova Bay along
the Ross Sea coast of Northern Victoria Land, Antarctica. It lies close to
the Transantarctic Mountains, which to some extent protect the site
against the strong katabatic winds originating over the Antarctic
Plateau. However, large low-pressure systems persisting over the Ross
Sea and approaching the coast give rise to the so-called barrier wind that
often affects MZS during precipitation events. In the framework of the
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project “Antarctic Precipitation Properties” (APP) of the Italian National
Antarctic Research Program (PNRA), a Micro Rain Radar (specifically an
MRR2 model) and a Parsivel disdrometer manufactured by OTT
HydroMet GmbH, Germany, have been installed since December 2016 to
investigate, monitor, and quantify precipitation events at MZS. The
collocated instrumentation lies on the rooftop of a container 6 m above
ground level on the outskirts of the station area. Although MZS is open
only during the austral summer, unattended power supply facilities
allow data collection all year round.

2.2. Micro Rain Radar

The MRR is a vertical pointing Doppler profiler (Peters et al., 2002),
which is well suited for installation in harsh environments and difficult-
to-access regions for long-term unattended observations due to its
compact design, low energy consumption, and low maintenance re-
quirements as well as affordable cost. Data acquired by the MRR2 used
in this work operates at 24 GHz (K-band), collecting Doppler power
spectra in 64 bins along 32 vertical range bins. In contrast to the most
common setting for vertical resolution (100 m), which is used at other
MRR installations in Antarctica (Grazioli et al., 2017a; Scarchilli et al.,
20205 Souverijns et al., 2017), the MRR2 at MZS has been set to a ver-
tical resolution of 35 m, which makes it possible to obtain the first
trustworthy measurement 105 m above the surface. This is particularly
helpful for comparative analysis with other ground-based instruments (i.
e., disdrometers or pluviometers; see Bracci et al., 2021) and especially
in continental Antarctica, where the influence of low-level katabatic
wind during precipitation can lead to sublimation of snowfall in the
lower atmospheric layers before reaching the ground (Bracci et al.,
2022; Grazioli et al., 2017b). MRR2 Doppler spectra at 1-min time res-
olution were used in this study. To analyze their consistency with Par-
sivel data, the measurements collected at 105 m were considered, while
complete vertical profiles (from 105 to 1050 m) were taken into account
in comparison with CloudSat overpasses occurred on 4 December 2018
in which 272 satellite profiles were used.

2.3. Parsivel disdrometer

The Parsivel optical laser-based disdrometer (hereafter Parsivel)
deployed at MZS provides particle size and its velocity. It detects
microphysical features of hydrometeors passing through the horizontal
laser matrix, simultaneously measuring the diameter and velocity of
falling particles sorted in a 32 x 32 dimension/speed matrix (Loffler-
Mang and Joss, 2000). The disdrometer sensor consists of two heads
(one transmitter, one receiver), with a laser beam continuously emitted
by the transmitter toward the receiver. As hydrometeors cross the beam,
they produce a decrease in the received voltage. The diameter and speed
of the particles can be inferred from the amount and duration of the
voltage drop. Similar to MRR, Parsivel disdrometers are largely
employed in complex and severe environments due to their usability,
sturdiness, and reliability. The count matrix of falling particles at 1 min
time steps was considered.

2.4. Spaceborne cloud radar

The NASA CloudSat mission was launched into the Afternoon
Constellation (A-Train) sun-synchronous orbit with mean equatorial
altitude of 705 km in 2006 carrying a CPR (Tanelli et al., 2008). The
CloudSat CPR is a 94 GHz (W-band) nadir-pointing radar, which mea-
sures the radar reflectivity factor of clouds and precipitation with a
detection sensitivity of about —30 dBZ, at approximately 240 m vertical
oversampling and 1.4 km/1.7 km cross-track/along-track resolution
(Tanelli et al., 2008). The CPR is currently the most sensitive instrument
capable of detecting the wide range of the precipitation size spectrum
(Stephens et al., 2018). In 2018, CloudSat exited the A-Train and has
been operating in the C-Train orbit since May 2018, which is 16.5 km
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lower than the A-Train in Daytime-Only Operations (DO-Op) mode. The
ESA and JAXA joint mission EarthCARE is scheduled for April 2024 and
will carry a 94 GHz Doppler Cloud Profiling Radar (EC-CPR). The EC-
CPR will fly at ~400 km orbit, collecting vertical motions of clouds
and precipitation in addition to Z at vertical/horizontal resolution of
100 m/500 m, with a minimum detectable reflectivity of —36 dBZ
(Hagihara et al., 2022). The latest global simulation of EC-CPR Doppler
velocity measurements with a Global Cloud System Resolving Model and
a satellite data simulator revealed that the differences between the
simulated observation and the true velocity for precipitation was <0.5
ms ! at Z, > 0 dBZ for the low pulse repetition frequency (PRF) case and
would be smaller for the high PRF case planned for EarthCARE (Hagi-
hara et al., 2022).

2.5. Data processing

2.5.1. MRR2 data

The MRR2 was originally designed to detect rainfall, exploiting the
relationship between the velocity and dimension of falling raindrops.
When MRR2 is employed to measure snow, specific procedures must be
applied to improve the sensitivity, remove artifacts like the aliasing ef-
fects on Doppler spectra, in order to obtain dependable snow observa-
tions. Consequently, the post-processing algorithm for raw MRR2 data
based on Maahn and Kollias (2012) is applied to improve MRR2 snow
measurements.

2.5.2. Parsivel data

Laser disdrometers are widely used to detect the distribution of
liquid hydrometeor size, and recently have also been used to determine
the particle size distribution (PSD) of solid hydrometeors despite some
well-known limitations (Battaglia et al., 2010). In this respect, dis-
drometers are particularly prone to artifacts when there is strong hori-
zontal wind, as the detection of hydrometeors assumes that particles
pass across the measurement area with a vertical trajectory rather than
in a slanted path, as would be in the case of strong wind. Such short-
comings are particularly significant when studying snowfall due to the
smaller fall velocity of snow particles than that of rain. Several ap-
proaches have been proposed to avoid or at least to reduce the influence
of wind on disdrometer measurements, including setting a wind speed
threshold to optimize reliability (Capozzi et al., 2020; Molthan et al.,
2016; Souverijns et al., 2017), comparing disdrometer data with other
instruments to mitigate any adverse effects (Bracci et al., 2021), and
using a filter for artifacts based on reported relationships for raindrop
falling velocity (Scarchilli et al., 2020).

In this work, the last approach is used. From raw disdrometer data of
the 2019-2020 Antarctic summer season, snow particles with a falling
velocity > 50% increased value (Chen et al., 2016; Scarchilli et al.,
2020) of the velocity-diameter relation of raindrops by Atlas et al.
(1973) (eventually corrected for the height of measurements with a
multiplicative factor F(h) as in Foote and Du Toit, 1969) were excluded.
In particular, excluded are particles for which the velocity and diameter
relation satisfied Eq. (1),

V(D) > (1 +th) x (9.65 + 10.3exp( — 0.6D) x F(h)) @

where D (in mm) and V (in m s’l) are the diameter and fall velocity
measured by the disdrometer, and th is a value of 0.5 taken from the
mentioned references. Because of the strong wind observed at the
ground (>15 m s ') during the precipitation event (3-4 December
2018) in which the CloudSat overpass occurred, for such case we used a
stricter velocity mask, removing particles with a falling velocity greater
than the velocity by Atlas et al. (1973), i.e., using Eq. (1) with th=0. Itis
worth noting that the use of the criterion described by Eq. (1), based on a
relation for raindrops instead of for snow, provides a conservative
threshold for eliminating biased data and aims to preserve raw data as
much as possible. Then the filtered count matrix of falling hydrometeors
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detected by the disdrometer at observation time t, = kAt (k = 1,2, ...),
where At is the temporal observation interval, was used to obtain the
particle size distribution (PSD) of snowfall as

Jmax
N(Di,zk):;%;i: LR . @

N(D;,t;) has the unit of m~3 mm™, A is the Parsivel detection area,
subscript i is the index of the diameter bins D; of width AD;, while j is the
index of the velocity bins v; of width Avj, imgx = 32 and jmax = 32. ny;(t)
is the sum of n, ;(t), which is the number concentration for the i-th size
bin and j-th velocity bin obtained at time ¢, between t = t, — At/2 and
te + At/2 described by,

I +A1/2
(8 :/ ny,(t) dt 3)
—At/2
At is set to 1 min in order to collect a sufficient number of hydro-
meteors for each class and obtain meaningful PSD estimates. Note that in
Eq. (2), n(t) is set to O for the i, j-th bins where Eq. (1) is satisfied.

2.5.3. CloudSat profiles

For the satellite data, we used the 94 GHz CloudSat 2B-GEOPROF
(release P1 RO5) radar reflectivity factor data. For the cloud/hydrome-
teor mask, the CloudSat-only cloud mask scheme (C1 mask) of Hagihara
et al. (2010), which was originally developed and tested with shipborne
94GHz cloud radar observations in mid-latitude in Western Pacific
ocean (Okamoto et al., 2007) and in Tropical Western Pacific Ocean
(Okamoto et al., 2008), was used. It utilizes the CPR level 2B-GEOPROF
(RO5) hydrometeor mask value and a spatial continuity test. It assigns a
confidence level of significance for the signal from noise with values
ranging from 0 to 40 (Marchand et al., 2008). In the C1 mask, a hy-
drometeor mask value > 20 (i.e., range bins where the backscattered
power is greater than the mean noise power plus one standard deviation)
was adopted, which can detect small-scale water clouds at lower alti-
tudes (Hagihara et al., 2010). The C1 cloud-masked data is provided as
the CloudSat-CALIPSO Merged Dataset by JAXA. Radar range bins near
the surface that were significantly affected by surface clutter with the
surface clutter identification algorithm in RO5 (Marchand and Mace,
2018) were assigned a CloudSat hydrometeor mask value of 5 and were
excluded from our analysis. The CloudSat Z. profiles after hydrometeor/
surface clutter masking and correction for gaseous attenuation were
further matched to the vertical resolution of MRR2. A typical precipi-
tation event over MZS observed by CloudSat on 4 December 2018, was
analyzed. The lowest radar range bins that we compared to MRR2 had a
confidence level of 40, which indicates a high probability of a strong
echo from hydrometeors (Marchand and Mace, 2018).

2.6. K2W: methodology for spaceborne W-band radar validation

This Section discusses the validation methodology proposed that
combines MRR2 and disdrometer data and scattering simulations.

2.6.1. Simulation of radar reflectivity factor and Doppler velocity at the K-
band from disdrometer measurements

The Z, and Doppler velocity Vp in the absence of vertical motions at
K-band at range (height) gate index R and time tx are given by the
following definitions:

}\4 Dimax
Zok(R, 1) = 10" 2 Cokx (R, D, 1) N(R, D, ) dD (mm°m )
K| Jom
(€))
Dina
max N(R, D’ tk) Cbk,K (R7 D7 lk) V, (R-,D7 lk) dD
Vox (R, 1) = P Dinax t (m Sil) ®

N(R7 D, tk) Cbk.K(R7 D, tk) dD

Dmin

A (m) is the wavelength at K-band (12.49 mm), the |KW|2 value is
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related to the dielectric constant of liquid water at the wavelength of
interest (Bringi and Chandrasekar, 2001), and the value of the constant
for MRR2 is set to 0.92 (Souverijns et al., 2017), while it is set to 0.75 for
the case of CloudSat W-band radar (Tanelli et al., 2008). Cp (R, D, t)
(m?) and v,(R,D,t) are the K-band backscattering cross-sections and
terminal velocity of a particle of diameter D, respectively, and N(R,D, t;)
is the particle size distribution with D varying between a minimum
particle size Dy, and maximum particle size Dyax. Note that Eq. (4) is a
general expression of Z. and does not require any approximations about
scattering regimes.

The Z, at time ¢t and for the K-band MRR frequency estimated from
disdrometer measurements, Z, 4;sq4(t), is given by

Zeaisa(tx) = 108

e ‘22‘”’“‘ Criex (Di)N(D;, 1) AD; (mm®m2) (6)

It is noted that, Cyx depends on particle habit and diameter, and
once the habit is specified at each t the dependence of Cy x on habit can
be omitted. Therefore, the ty dependence of Cyx is omitted in Eq. (6).
The disdrometer-derived Doppler velocity v.(t) at the K-band in the
absence of vertical motions is given by the following formula (Adirosi
et al., 2016):

Zf;’“fN(Dm 1) Cox x (D;) vi(Di, tx) AD;
S N(Dy, 1) ik (Di) AD;

ve(te) = (m s’]) 7)

Where v,(D;, t;) is the number concentration weighted mean terminal
velocity of the particles in the i-th size bin derived from Parsivel raw
data for the period of At at t, and it is given by,

Jmax

> niy(t)vivy

j=1
v(Di i) =5

Jmax
> i (1) Ay

J=1

(ms™). 8)

For the convenience of the discussions in the later sections, moving
averages of N(D;,t), v.(tx) and v,(D;, ;) are introduced, where these
values (i.e., Nu(Di, &), Vem(tx), Vem(Di, t)) are time averaged for MAt
minutes, from t, — MAt/2 and & + MAt/2, and reported at every ¢ as:

MZH (M-1) /2

Nu(Di, 1) =

1 k+M/2-1
M S N Di ) + 05N (Dt ) + 0.5N (i i)

Here, t, =k At. Substituting Eq. (2) into Eq. (9) gives
&N ()

Nu(Diyte) = ) i,
w(Di 1) <A (MA?) v;AD,

Jj=

(10)

where n;jn(t) is the cumulative concentration of n;;(t) for the period
written as,

k+(M—1)/2 .
E k':k—(M—l)/Zni'j(tk,) (when M is odd)
N () =

N(D;, ty) (when M is odd)

k+M/2—1 . .
Zk':k—M/ZHn[‘/(zk,) +0.5n;; (t—mys2) + 0.5n;(txsm/2) (When M is even)
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The corresponding time averaged value of v.(t) can then be written
as,

S Nt (Dys tx) Conoie (Di) Vi (D, 1) AD;

Veu () = : , 12)
SNy (Dy, 1) Cox (D) AD;
where,
Jnar
> nija (t)v;Av;
_ =1
Vi (Di, t) = ]/7 (13)
> i () A,

Jj=1

In this study, V. (D;, ) in Eq. (13) is approximated by the value of its
power law fit in order to establish a monotonically increasing
V(D) relationship in the following form,

Viar (D, 1) ~ a (1) D™, 14

Egs. (10), (12), and (13) reduces to Egs. (2), (7), and (8) for M =1,
respectively. As a result, Ny(D;, t), Vem(t), Vem(D;, ti) are reported at
every t; (i.e., 1 min time resolution).

The Cpy x in Egs. (6), (7), and (12) are obtained by the discrete dipole
approximation (DDA) (Draine, 1988), which is a scattering theory that
can be applied to arbitrary shape particles. In this method, a particle is
divided into L subvolume elements and each element is replaced by an
electric point dipole (Okamoto, 2002). All the interactions between
electric dipoles are fully taken into account, and the scattering problem
can be numerically solved. Approximations in the DDA are: (i) approx-
imation of the target boundary by L subvolume elements, and (ii)
neglecting the higher-order terms than electric dipoles (Okamoto et al.,
1995). Validity criteria of the DDA were established for spheres (Draine
and Flatau, 1994) and for non-spherical ice particles (Okamoto, 2002).
When such criteria are satisfied, DDA provides accurate results for Cpy,
where the errors are generally within few percent. In this study, Cpyk are
obtained from the scattering database calculated by DDA for various ice
particle shapes (Kuo et al., 2016) at the wavelength of W-band and K-
band. Bracci et al., 2021 reshaped the particle types of the discrete
dipole approximation (DDA) database of Kuo et al. (2016) into pristine

)]

(when M is even)

and aggregate categories and found that the aggregate category was the
dominant particle type at MZS, prevailing in 75% of precipitation events
by comparing the measured Z, at 105 m from MRR2 and estimated Z,
from Parsivel. The dataset used in that work was found to consist of
aggregate particles for > 68% of the precipitation time and for > 74% of
the days of CloudSat overpass. Therefore, here, we consider this
aggregate category (Bracci et al. (2021)) to obtain Cpx x(D;) for Ze gisa

1)
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and v in Egs. (6), (7), and (12).

In Section 3, Z gisq and V. are compared to the MRR2 equivalent
reflectivity and Doppler velocity observations at 105 m a.g.l. to verify
that Parsivel PSD and fall velocity information can reproduce the
simultaneous MRR2 measurements. This will be exploited for converting
the K-band Doppler spectra into W-band Doppler spectra with the syn-
ergy method explained in the following.

2.6.2. Simulation of Doppler spectra at W-band using K-band Doppler
spectra (K2W)

A method was developed to simulate 94 GHz reflectivity and Doppler
measurements from MRR2 spectra using appropriate Cpk(D) and
velocity-diameter relationship for precipitation with the aid of Parsivel
observations.
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MRR2 is a CW-FM radar that processes received signals with two
FFTs producing a matrix of received power spectra. At each height gate,
such spectra can be converted straightforwardly into spectral reflectivity
n by using a calibration constant, a transfer function, and accounting for
range R (i.e. height). Lowest level data available to users are presented
as a matrix

N(s,R),s =0,....63R=1,....32 @as)

s is the index of the lines of the Doppler spectrum within a Nyquist
interval and n(s,R) the reflectivity in m ™' of particles with Doppler
velocity between v, and v, + Av of the sample volume at the height
corresponding to the index R. Such lines are equally spaced by a fre-
quency shift that corresponds to a Doppler velocity shift of Av = Af A/2,
and Af the Nyquist frequency interval (inverse of the sweep repetition

(@) 53
4
‘T(D : =
£ 3 - :
> A . :
82_— [ =Ty —s—8—8_o hd
® o et
> -
1_
3 * Parsivel data
2 Vou=1.58D"2% (R?=0.79)
0 T T T [T T T [T T T [T T T[T T T[T T T[T T T [T T T [T T T [TTT]
0 2 4 6 8 10 12 14 16 18 20

Diameter (mm)

(b) 5
] UP - Unrimed side planes: v=0.81D%%°
4 gl RD - Densely rimed dendrites: v=1.10D°'
- —| | UA - Unrimed assemblages of plates, bullets: \/,=O.69D0'41
% - o 0.26
‘v - Parsivel:v, 51.58D
g 3] |_*_Parsivel data
v o
g = :
_9 2 — o o v e . . °
() : ° o (£S5 - . - *
> R
il . e rroToTT (P
1 e ——
0||||||||||||||||||||||||||||||
0 1 2 3 4 o 6

Diameter (mm)

Fig. 1. (a) Example of ¥ 3;(D) relationship obtained from Parsivel observations for the precipitation event on 22 November 2019. Dots represent the average velocity
for each of the size bins of the disdrometer (Eq. (13)), considering MAt = 433 min of Parsivel data. The curve represents the v /(D) fit calculated using the power-law
form (Eq. (14)). The coefficient of determination (R?) of the fit is reported in the legend. (b) Comparison of the different v;(D) relationships used in this work for the
precipitation event that occurred on 22 November 2019. The curves named UP (Unrimed Planes), RD (Rimed Dendrites), UA (Unrimed Assemblages) refer to the
three different v, (D) relationships from Locatelli and Hobbs (1974) for the different particle habits. The magenta line and dots refer to the power-law fit of the V(D)
relationship derived from the Parsivel observations and the Parsivel data shown in panel (a), respectively. Note that x-axes range in the two panels are different. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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time) divided by 64. Ay is found to be 0.189 m s ™! so that the spectrum is
presented in the range from 0 to a Nyquist velocity of vy, ~12.01 m s,
which seems adequate in the absence of vertical winds. A spectral
reflectivity density with respect to Doppler velocity is obtained as

n,(vs,R) = n(Zf) (m'2 s);v.\ = sAv (m s'l) (16)

For simplicity of notation, we neglect the dependency from the
height, eliminating the index R. To obtain the particle size distribution,
we express the spectral reflectivity density with respect to particle
diameter (in mm) #,(D) (rn’1 mm 1) through

1n,(v)ov =, (D) 0D (m™"). a7
The particle size distribution is then obtained as

N(D) = i1p(D)/Coi (D) (mm~'m?), (18)

being Cy (D) (m?) the backscattering cross-section. This part has basi-
cally described the PSD retrieval method that can be found in MRR
Physical Basics (METEK, 2015). We can repeat the process backward to
obtain the reflectivity spectrum at W-band. Let’s make explicit the fre-
quency dependency by adding subscripts K and W (K-band and W-band,
respectively) where needed. Eq. (18) can be rewritten as

N(D) =1, ¢(D) /Chx (D) (mm~'m™). 19

If Cprw(D) are available in addition to Cyx (D) for the same habit of
particles, we can obtain

Npw (D) = N(D)Coew(D) (m™'mm™"). (20)

Using Eq. (17) the spectral reflectivity density with respect to par-
ticle’s velocity at W band can be obtained as

_ ov Cww(D) oD , _,
T.l\uW(V) - nv,K (V) oD Cka(D) ov (m S) (21)
Being v=g(D) independent on wavelength, the following relation can
be obtained

Cuw(v=g(D)) m2s
Cox(—gD)) ™ 22)

Although the development was conducted assuming a continuous
variable v, spectrum is available at the lines v;. In the development of the
method, we made several assumptions. First, the vertical wind was
neglected at the ground and therefore, v = v,. Then for the continuous
relation v, = g(D), we used the v, (D, t;) relationship derived from Eq.
(14). The sufficient averaging time MAt required to obtain reliable
Veum (D, ti) relationship will be discussed in later section. At different
heights, there could be both an influence of vertical wind and, in

now() =1,,()

Table 1

Dataset used for MRR2-Parsivel consistency test. The velocity-diameter re-
lationships of the falling particles derived from Parsivel observations for each
event are also shown as comparison.

Dataset Antarctic summer 2019-2020 Velocity diameter relationship

err =aD®)
# event  Days Precipitation minutes ~ Prefactor ~ Exponent
(Zex > -5dBZ) a b

1 22 Nov 2019 433 1.58 0.24
2 5-6 Dec 2019 1428 1.41 0.09
3 8-10 Dec 2019 1438 1.45 0.34
4 18-20 Dec 2019 2552 1.37 0.11
5 28-29 Dec 2019 1370 1.09 0.03
6 12 Jan 2020 345 1.40 0.21
7 27 Jan 2020 673 1.14 0.15
8 31 Jan 2020 643 1.08 0.15
9 1-2 Feb 2020 595 1.40 0.12
Total 16 days 9477
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addition, a variation of particles’ habit. We assume that within 1 km
above the surface influence of vertical wind is negligible and particles’
habit does not change. Cyw and Cpx in Eq. (22) are obtained based on
DDA as described in subsection 2.6.1. The Z. and the mean Doppler
velocity at W-band (Vp ) can be obtained as follows:

24 vy
Zow=108— " /0 M, (v)dv (mm°® m~?) (23)

”S(‘KWF )(w)

fO‘W“ VT]‘,_W(V) dV (ms’l)
Jo mow(v) dv

Fig. 1a shows an example of the v, (D) relationship obtained from
Eq. (14) for a precipitation event on 22 November 2019. The coefficients
a and b of the power law in this example were derived using MAt = 433
min of data obtained for the time period corresponding to the duration
of the precipitation event (see also Table 1), and the coefficient of
determination R? is also shown in the figure to assess the quality of the
fit (the value of 0.79 is obtained for the case shown). In this subsection
and Section 3, three different v,(D) relationships from the literature
(Locatelli and Hobbs, 1974) are also considered for comparison for the
estimation of Z, and Vpy in Eq. (23) and Eq. (24), respectively, in
order to explore the influence of the relationship choice on the con-
version procedure. These literature relationships are tailored for
different particle habits (namely (UP): unrimed side planes; (RD)
densely rimed dendrites, (UA) unrimed assemblages of plates) and were
selected to consider the natural variability of snow particles as much as
possible. In Fig. 1b, these v,(D) relationships are shown with that derived
from Parsivel for the same precipitation episode as Fig.1a, which were
distinctively different from the derived relationship.

Vow = 24)

3. Results and discussion

This Section assesses the performance of our approach, focusing first
on the consistency between MRR2 observations at 105 m a.g.l. and the
forward modeled Z.gisq and Vcy from Parsivel data and then on a
comparison of the simulated and observed CloudSat Z, profiles using the
proposed K2W conversion methodology. Finally, the simulated result of
Doppler velocity profile at W-band is also provided.

3.1. Consistency between observed and simulated MRR2 observations

This work focuses on the observations during the Antarctic summer
season from November 2019 to February 2020 to evaluate the
MRR2-Parsivel consistency and on data of a precipitation event
occurred on 3-4 December 2018, for comparison between K2W and
CloudSat measurements in conjunction with the satellite overpass (5:00
UTC on 4 December). In the 2019-2020 dataset, days with at least 60
min of continuous precipitation were selected, resulting in 16 days
regrouped in nine precipitation events (see Table 1). In addition, two
further criteria were adopted: minutes of MRR2 data with values <—5
dBZ (at the lowest range gate) were discarded, as MRR2 data could be
incomplete under this threshold (Maahn and Kollias, 2012; Souverijns
et al., 2017); minutes of Parsivel data in which < 10 hydrometeor par-
ticles were detected were rejected (Scarchilli et al., 2020). By applying
these criteria, the dataset consisted of 9477 min of solid precipitation
simultaneously collected by MRR2 and Parsivel at MZS (Table 1).

3.1.1. Equivalent radar reflectivity factor and Doppler velocity

Fig. 2 compares the 9477 min of 2019-2020 snowfall data of Z, x and
Ze gisd as well as Vpk (i.e., first moment of MRR2 Doppler spectra) and
Veum derived from Parsivel by Eq. (12). The time resolution for the
comparison was set to be 1 min. The root mean square error (RMSE), the
normalized standard error (NSE), the normalized bias (NB), the slope (S)
of linear regression between observed and predicted data, the Pearson
correlation coefficient (CC), and the mean difference (MD) of the scatter
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Fig. 2. Density scatter plots for 1-min MRR2 and Parsivel disdrometer data for the 2019-2020 dataset at MZS in terms of (a) Z x from MRR2 and Z 4isq calculated
from Eq. (6); (b) MRR2 Doppler velocity (Vp x) and Parsivel Doppler velocity (v¢1) obtained using ;1 (D) relationship derived from Parsivel measurements; (c) same
as (b) but for Parsivel Doppler velocity calculated with v, (D) relationship from Locatelli and Hobbs, (1974) for Unrimed side Planes (UP); (d) same as (c) but using
V(D) relationship for densely Rimed Dendrites (RD); (e) same as (c) but using v,(D) relationship for Unrimed Assemblages (UA). Dots are colored according to the
density of data (dark red = high density, dark blue = low density), whereas the dotted line stands for the bisecting line. The values of root mean square error (RMSE),
the normalized standard error (NSE), the normalized bias (NB), the slope (S) of linear regression between observed and predicted data, the Pearson correlation
coefficient (CC), and the mean difference (MD) are also included in each comparison plot. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

plots are also shown (for a detailed description of the indexes see Gor-
gucci and Baldini, 2015).

The Parsivel and MRR2 values mostly agreed for the most frequent
reflectivity values (around 10 dBZ) using aggregate shape, although
positive bias was found for the highest reflectivity values reflecting
overestimation of Zegisq compared to Zex (Fig. 2a). The normalized
standard error had a value of 0.49, with an MD of 3.8 dBZ.

The Doppler velocity scatter plot depicted in Fig. 2b showed good
correspondence between Vp x and V.7, where the NSE was around 0.34
with almost no bias. The MD, SI, and CC were considerably better
compared to the data shown in Fig. 2c-e, where velocity scatter plots
using v,(D) relationships from the literature in Fig. 1b instead of v;1 (D)
relationship are shown as a sensitivity test. In Fig.2c-e, the correspon-
dence between the estimated Doppler velocity derived using v;(D) re-
lationships based on literature and that observed by MRR2 significantly
worsened. These results underline the importance of the MRR2-Parsivel
pairing, as the relationships in the literature fail to replace the v,(D)
relationship derived from in situ observations.

The Doppler velocities V. (tx) obtained by Parsivel (i.e., Eq. (12))
and Vp x from MRR2 at 105 m for the precipitation case observed on 34
December 2018 are shown in Fig. 3a, highlighting a general agreement
in the trend of velocity but associated with an excessive time variability.
The V¢ 25(t) obtained by Parsivel agreed better with Vp x values (moving
averaged using the same time averaging window of 25 min) correctly

following the velocity behavior for the whole precipitation event, except
for an anomalous peak at the end of 3 December in Fig.3b. In Fig. 3¢, to
further see the importance to take into account the variability of v; (D)
relation (Eq. (14)), we replaced the v, (D) relation used to derive v 1 (ti)
in Fig3a with V;1740(D) relation derived with 29 h of Parsivel data
collected during the precipitation event, and further used Nj (D;) as in
Fig.3a to calculate the Doppler velocity from Eq. (12) shown in blue. The
estimated Doppler velocity in Fig.3c led to an overestimation with
respect to the Vp g when velocity values were lower and, at the same
time, to an underestimation during velocity peaks, resulting in a quite
flat time series even using a high time resolution Nj(D;) data. These
results suggest that the use of time averaging windows shorter than the
duration of the whole precipitation event for v;3;(D) calculation allows
to take into account the snowflake microphysics that can change on a
temporal scale of a few minutes (von Lerber et al., 2017) and that has a
significant impact on the falling speed of solid particles (Locatelli and
Hobbs, 1974).

The averaging time required for reliable estimation of V¢ was
explored in Fig. 4. Here, we compared Vpx and V. both processed in
the same way to produce 1 min resolution data as in Fig. 3b for the same
data, but with the moving averaging time varying from 1 min to 150
min. The correlation between Vp k at 105 m altitude and V. » decreases
when time windows are shorter than about 15 min due to the presence of
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Fig. 3. Time series of Doppler velocity of precipitating particles on 3-4 December 2018. Subplot titles specify the time averaging windows used for processing the
Parsivel data to derive Vo u(tx) (i-e., Vem(D) and Ny(D;) in Eq. (12)) and MRR2 data. (a) black line represent MRR2 Doppler velocity Vp x with the original 1-min
resolution and orange line indicate the Parsivel derived Doppler velocity V. 1(t) (Eq. (12)) derived with M = 1. (b) the same as (a) but Vpk (black line) and
Veas(t) (orange line) obtained with 25 min moving average produced at every 1 min resolution. (c) Vpx plotted with the original 1-min resolution as in (a) and the
blue line indicating Parsivel derived Doppler velocity using a V1720 (D) relation derived with 29 h of Parsivel data collected during the precipitation event and Ni (D).
It is apparent that using a unique V;1740(D), the trend of Doppler velocity shown in (a) and (b) completely disappears, even taking into account the Ny (D;) at 1-min
resolution, resulting in a nearly flat time series. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

some missing data, measurement errors, and the delay between mea-
surement at the ground and at 105 m height. It was concluded that a
minimum time window of ~15 min is required for v, (D) relationship
calculation from Parsivel to ensure that Parsivel and near-ground MRR2
observations statistically sample similar hydrometeors, and this aspect is
carefully considered in the following sections.

3.1.2. Simulation of the 94 GHz Doppler spectra
Here we demonstrate the K2W methodology to obtain Z. yw and Vp w
profiles from MRR2-Parsivle synergy.

A time series of MRR2 reflectivity profiles at 1 min resolution for the
same period of the precipitation event shown in Fig. 3 is presented in
Fig. 5a. Heavy snowfall was observed for most of the event, especially
during the afternoon of 3 December, with Z, values higher than 20 dBZ,
whereas both heavy and light snow precipitation characterize the mi-
nutes around the satellite overpass (5:00 UTC on 4 December). The W-
band reflectivity Ze w at 1 min resolution was obtained from Eq.(23) by
the K2W methodology using V;15(D, tx) relationship (i.e., M = 15 in Eq.
(14)) with n, x(v) from MRR2 1 min resolution data without running
average in Eq. (22) (Fig. 5b). Zew had smaller values than Z. x as non-
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Fig. 4. Correlation coefficients between Vp x at 105 m altitude and V. derived from Parsivel raw data using different time averaging windows (note x-axis is not

to scale).

Rayleigh scattering effects strongly influence the W-band of falling ice/
snow hydrometeors, particularly for larger particles (Li and Moisseev,
20205 Liao et al., 2008; Matrosov, 2019, 2021), resulting in a decrease in
the W-band reflectivity compared to those at lower frequencies
(Matrosov, 2021). Such differences in reflectivity are also known to be
effective for determining the microphysical features of solid hydrome-
teors (e.g., size and shape) in cases where dual-frequency reflectivity
measurements are available (Liao et al., 2008).

Zew obtained by using the v,(D) relations for UP, RD and UA are
investigated to demonstrate the impact of different v.(D) relations
(Fig. 5c-e). The difference in estimated Z.w using values from the
literature compared to that using Parsivel resulted in a difference larger
than 10 dBZ in some radar volumes, and tended to underestimate Ze w
obtained by MRR2-Parsivel synergy. The use of almost linear v,(D)
relationship for UP (Fig. 5¢) returned higher Z.w values compared to
those of RD (Fig. 5d) and UA (Fig. 5e), whereas reflectivities found for
RD were slightly lower than those in which UA were used. The signifi-
cant dependence of the converted Zw values on the employed v,(D)
relation, which is due to the extreme variability of solid particle
microphysics, makes it impossible to simply rely on and use a relation-
ship from the literature for conversion of Doppler spectra in the W-band.

Fig. 6 shows the Doppler velocity profiles estimated by the same
procedure for the precipitation event under investigation in the K-band
(Fig. 6a) and those simulated for the W-band (Fig. 6b-e), as in Fig.5. The
derived Vpw by the K2W method showed similar values with the
observed Vp x when the falling velocity was less than about 1.5 m sL
Above this value, Vpx showed a higher velocity with a difference of
about 1 m s~ ! during the peak. The estimated Vp,w using values from the
literature resulted in a difference of > 1 m s™! from that derived from
K2W method and depended heavily on the v,(D) relationship used in the
conversion procedure. These results stress the importance of having
independent, collocated, and simultaneous observations of the falling
particles from which the velocity—diameter relationship can be derived,
thus underlining the validity of MRR2-Parsivel synergy.

3.2. Comparison of the observed CloudSat and simulated MRR2 profiles
in the W-band with K2W

CloudSat overpass over MZS (22.9 km far from MZS as minimum
distance) occurred on 4 December 2018, at 05:00 UTC, during snowfall.
The simulated and observed W-band reflectivity were investigated in

detail.

3.2.1. Temporal variation of reflectivity and Doppler profiles around the
overpass

An in-depth analysis of the radar reflectivity (Fig. 7a) and Doppler
velocity (Fig. 7b) vertical profiles both in the K-band and W-band shown
in Figs. 5 and 6, was performed around the CloudSat overpass time to
determine the vertical and time variability of the profiles. The Z. at K-
band maintained similar vertical profiles for about 30 min, i.e., Z, was
higher at the beginning of the time window and increased approaching
the ground, then the profile behavior reversed at the end. This pattern
was also maintained in the converted W-band profiles, although Zw
were consistently lower than Ze k. Doppler velocity profiles in the K-
band showed enhancement of particle speed toward the surface within
the considered time window, with higher values in conjunction with the
highest reflectivity near the ground. Use of the predefined v;(D) rela-
tionship for UP and UA overestimated the W-band Doppler velocity
simulated with MRR2-Parsivel synergy, while applying the v;(D) rela-
tionship for RD led to an underestimation.

3.2.2. Reflectivity profile comparison

Vertical profiles of W-band reflectivity obtained by K2W around the
CloudSat overpass were time averaged for comparison with the hori-
zontally averaged CloudSat Z. profiles within a certain distance from
MZS (Fig. 8).

The lowest measurements of the CloudSat profiles, i.e., at 720 and
960 m a.s.l. were compared to the MRR2 measurements. To properly
compare satellite and MRR2 profiles, we computed the mean value of
MRR2 reflectivity by equally weighting Z. for 4 range bins above and 4
range bins below the corresponding CloudSat bin of interest to obtain a
similar vertical resolution of 240 m. Following Sections 3.1.1. and 3.2.1,
it is expected that relatively short spatial and time averaging (15 min ~
25 min) would provide a good match in the comparison considering the
transition of the cloud system (e.g., Figs. 4 and 7).

As horizontal wind speed at the ground during the overpass was
around 15 m s~! (~1 km min~'), we considered this a first approxi-
mation of the moving speed of the precipitating system to estimate the
one-to-one correspondence between the time and spatial averaging
scales. Fig. 9a shows the comparison between the average CloudSat Z.
profile for an area of 25 km around MZS (red) and the corresponding
mean Zew profile obtained with 25-min time averaging of the 1 min
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Fig. 5. Time series of the vertical reflectivity profiles at 1-min resolution of the snowfall event on 3-4 December 2018. (a) The K-band reflectivity; (b) W-band
reflectivity obtained by the K2W methodology using the v;15(D, t) relationships from Parsivel observation; (c), (d), and (e) same as (b) but using v;(D) relationships
for UP, RD and UA taken from Locatelli and Hobbs (1974). Red dotted lines show the time of CloudSat overpass (5:00 UTC on 4 December). (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)

resolution profiles (time lag of +12.5 min relative to the CloudSat
overpass) obtained by the K2W method using v; 5(D. t;) (green) . The
nearest CloudSat profile to MZS (22.9 km) is also shown in black. Sat-
ellite and K2W W-band profiles showed very good agreement with each
other. The difference between the K2W W-band and CloudSat was only
0.2 dB at 760 m (10.2 dBZ vs. 10.0 dBZ, respectively), 1 dB at 960 m (7.9

10

dBZ vs. 8.9 dBZ, respectively), and about 0.5 dB root mean square dif-
ference considering both range bins.

In Fig. 9a, the 94 GHz reflectivity profile estimated from MRR2
reflectivity data using the 35 GHz to 94 GHz reflectivity conversion
formula in Maahn et al. (2014) (hereafter M14), which was argued to be
applicable, at some extent, to the MRR2 wavelength, is shown for
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Fig. 6. Same as Fig. 5 but for Doppler velocity profiles.

comparison. It is worth mentioning that the formula proposed by Maahn
et al. (2014) was derived starting from three reflectivity-snowfall rate
relationships described by Kulie and Bennartz (2009) for different par-
ticle habits derived from aircraft measurements. Results showed that the
K2W procedure described in this work (green line) performed better
than applying the reported formula (orange line), which significantly
underestimated the CloudSat profiles. For both range bins, the W-band
Z. values from M14 were considerably lower than those of CloudSat by
about 5-6 dB. The specific microphysical assumptions contained in the

11

formula of Maahn et al. (2014) could explain the large observed dif-
ference, as they probably failed to mimic the microphysical features of
snowfall during the overpass. This aspect stresses the importance of
having an in situ disdrometer coupled with MRR2 to investigate the
snow microphysics in more detail allowing proper parameterization of
the snow characteristics that are necessary for frequency conversion
using K-band Doppler spectrum. The potential of the proposed meth-
odology is further highlighted in Fig. 9b, which shows the estimated
Doppler velocity profile in the W-band corresponding to Fig. 9a. The
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standard deviation of the simulated Doppler velocity was found to be
smaller than about 0.2 m s~

The time averaging window and distance from MZS considered for
Fig. 9 were further narrowed (Fig. 10a,b) or widened (Fig. 10c-e) as
sensitivity analysis to take into account the spatial variability of the
precipitation system during the satellite overpass. Narrowing the time
resolution from 25 min, the difference between the Satellite and K2W W-
band profiles became larger. The mean difference between CloudSat and
K2W Z. profiles were about 1.4 dB with 10-min time averaging
(Fig. 10b), while the 1-min time window was not able to properly

12

convert K-band reflectivity to the W-band as the two profiles were very
similar (Fig. 10a). By contrast, broadening the time resolution, the K-
band profile and the converted W-band profile began to become quite
distinct. Further extension of the resolution windows led to a worsening
of the correspondence between the reflectivities (Fig. 10c—e), also
indicating a lowering of the mean CloudSat reflectivity, probably due to
satellite movement away from MZS and the Antarctic coastline. It is
concluded that a good agreement (< 2 dB CPR calibration error) be-
tween CloudSat profiles within 25 km from MZS and K2W can be found
for 15-25 min time averaging, and the best correspondence was found
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Fig. 8. Satellite track during the CloudSat overpass over MZS on 4 December
2018 around 05:00 UTC. Different colours indicate the different spatial win-
dows, based on the distance of CloudSat profiles from MZS, which were used for
sensitivity analysis reported in Fig. 10.

for 25 min time resolution. The impact of CloudSat attenuation on our
results was investigated from the path integrated attenuation (PIA)
product (2C-PRECIP-COLUMN, release R05), which were much smaller
than 0.5 dBZ, and would not affect the conclusions drawn in this Section.
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The ability to derive the 94 GHz Doppler profiles from the MRR2 K-
band Doppler spectrum in addition to the radar reflectivity profiles,
regardless of the satellite blind zone, could also be useful for comparing
and validating measurements of satellite missions equipped with
Doppler observations, such as the upcoming ESA/JAXA EarthCARE
mission that will add Doppler capability to 94 GHz radar.

4. Summary

CloudSat CPR has been the major source of information about snow
precipitation in Antarctica. Given the launch of the EarthCARE mission
in April 2024 carrying the first W-band Doppler CPR, the development
of a reliable validation strategy for the satellite measurements and re-
trievals is in high demand, especially in Antarctica, which suffers from
extremely sparse ground measurements. A new validation methodology
(K2W) was proposed to combine MRR Doppler spectra and disdrometer
data to simulate 94 GHz reflectivity and Doppler measurements from
satellite-borne CPR. The proposed K2W conversion methodology was
assessed using CloudSat overpass data over MZS for a typical snowfall
event. The main findings are as follows.

e The observed and simulated mean radar reflectivity and Doppler
velocity at the K-band for snowfall in 2019-2020 Antarctic summer
obtained by MRR2 and Parsivel, respectively, showed good corre-
spondence with each other for observations close to the ground in
terms of both 1:1 ratio and the time series when shorter time reso-
lution for V¢ (D, ti) calculation was considered.

o The relationships in the literature failed to replace the v,(D) rela-
tionship derived from in situ observations and underlined the
importance of the MRR2- Parsivel pairing.

o Assessment of the K2W conversion methodology with coincident
CloudSat measurements concluded that the K2W methodology could
reproduce the CloudSat Z. profile with 0.2 dB mean difference at the

MRR2 and CloudSat 4 December 2018
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Fig. 9. (a) Comparison of CloudSat reflectivity profiles within 25 km from MZS (red) and K2W W-band Z. with 25-min time averaging (time lag of +£12.5 min)
around the CloudSat overpass (green). The black, blue and the orange lines indicate the nearst CloudSat reflectivity profile, MRR2 Z. x and the W-band reflectivity
profile obtained according to Maahn et al. (2014), respectively. (b) The vertical Doppler velocity profile in the W-band using the K2W methodology corresponding to
(a). The shaded areas represent standard deviations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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lowest radar range bin and 0.5 dB difference on average below 1 km
altitude when a time lag of £12.5 min around the CloudSat overpass
was considered.

The Z. profiles within the CloudSat blind zones could be successfully
simulated by the K2W methodology. The unattenuated W-band
profile obtained by the K2W methodology can be used to evaluate
spaceborne W-band radar retrievals.

The W-band Doppler velocity below 1 km altitude that would be
observed by EarthCARE was simulated from K-band for the first time
with the K2W method. The standard deviation of the simulated

Doppler velocity was found to be smaller than about 0.2 m s~ 1.

The present study demonstrated the effectiveness of the K2W method
for the simulation and validation of satellite observations employing a
W-band radar. Pairs of MRR-disdrometer are available in many ground
observation sites worldwide and in most of the research stations in
Antarctica, therefore the K2W method has a wide application. Particu-
larly in Antarctica, a more complete experimental set-up featuring
multiwavelength radars has been installed only for a few targeted
campaigns (e.g., Lubin et al., 2020). This makes the K2W method highly
valuable for long-term validating satellite measurements using contin-
uous observations provided by MRR and disdrometers over the Antarctic
continent.

Latest assessment of EarthCARE CPR Doppler velocity measurement
accuracy from global simulations for precipitation suggests values <0.5
m s~ ! for Z, > 0 dBZ at 10 km integration for low pulse repetition fre-
quency (PRF) case and a smaller value for high PRF case (Hagihara et al.,
2022). The K2W methodology will be used to further assess the EC-CPR
Doppler velocity measurement accuracy as well as the JAXA level 2
standard products for precipitation (Sato et al., 2009; Sato and Oka-
moto, 2011, 2020) and their relation to ice particle habits (Okamoto
et al., 2019, 2020) and mixed-phase microphysics (Sato et al., 2018,
2019) derived from EC-CPR, Atmospheric Lidar (ATLID) and Multi-
spectral Imager (MSI).
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