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Improving Millimeter Radar Attenuation

Corrections in High-Latitude Mixed-Phase

Clouds via Radio Soundings and a Suite
of Active and Passive Instruments

Petros Kalogeras

Abstract— Supercooled liquid clouds are very frequent in
high-latitude regions. In addition to their substantial effect
on visible and infrared radiation, they affect the signal of
millimeter radars by producing nonnegligible attenuation. Such
attenuation must be properly corrected if the information of
millimeter radars is used in quantitative retrievals for inferring
ice microphysical properties. This study proposes a multisensor
scheme for refining the vertical distribution of supercooled liquid
water content (SLWC) compared to state-of-the-art methods that
equipartition the liquid water path measured by microwave
radiometer to all pixels identified as cloudy by the radars
and warmer than —40 °C. Our methodology is applicable in
high-latitude, mixed-phase environments based on the synergy
between radar and lidar binary cloud phase masking, microwave
radiometer, and radio sounding observations. The technique
is demonstrated via data collected by the U.S. Department of
Energy (DoE) Atmospheric Radiation Measurement (ARM) Pro-
gram climate research facility at the North Slope of Alaska (NSA)
and compared with the state-of-the-art methods. Path integrated
attenuation (P1A) at W- and G-band frequencies (>95 GHz)
is then assessed. Results indicate that the different in-cloud
distributions of the liquid condensate lead to round-trip PIA
discrepancies of cloudy volumes that range in [2,5] dB at
W- and G-band frequencies. These differences far exceed those
encountered when changing some of the algorithm’s arbitrary
assumptions and weighting functions.

Index Terms— Attenuation measurement, clouds, electromag-
netics for remote sensing, lidar data, radar data.

I. INTRODUCTION

N THE past 30 years, millimeter-wavelength radars have
played a paramount role in atmospheric cloud research by
providing a better understanding of clouds and precipitation
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and their feedbacks in the Earth’s climate system [1]. Radars
in the Ka (frequencies between 26.5 and 40 GHz) and W
(75-110 GHz) bands, mainly with transmitter frequency close
to 35 (8 mm) and 94 GHz (3-mm wavelength), have been
deployed in ground-based [2], airborne, and spaceborne [3]
configurations since the last decade of 20th century. Boosted
by advancements in radar technology, novel radars with fre-
quencies in the next higher band (110-300 GHz), the so-
called G-band, are now a reality, e.g., with the Vapor In-Cloud
Profiling Radar (VIPR) system developed at JPL already in
operation [4], [5] and with other systems currently under
development. Due to their improved sensitivity to smaller
particles, these radars have been proposed for a variety of
cloud microphysics applications when operated in synergy
with lower frequency cloud radars [5]-[7] and for profiling
water vapor when designed with multiple tones within a water
vapor absorption line [8]-[10].

The obvious drawback when moving up in frequencies is
associated with the attenuation of the different atmospheric
components: gases and hydrometeors [11]. The focus of
this study is on high-latitude clouds generated in cold and
dry environment below freezing temperatures, characterized
by persistent mixed-phase clouds [12]. In such conditions,
we can exclude the presence of liquid precipitation, which is
generally an important source of attenuation even at the lower
frequencies [13], while wavebands up to 40 GHz can be prac-
tically considered not attenuated, and radiation at frequencies
close to 100 GHz and above may still suffer nonnegligible
attenuation caused by atmospheric gases, supercooled liquid
droplets, and ice (rimed) crystals [14]. Any quantitative esti-
mate associated with cloud and precipitation requires upfront
an attenuation correction that recovers the effective reflectivity
of the backscattering volume under examination.

Effective reflectivities can then be used to estimate exten-
sive cloud microphysical properties such as ice water con-
tent (IWC) or snow rate in single-frequency approaches
(e.g., [15]) or can be exploited in multifrequency techniques
to derive information on particle size [16] or ice-growth
processes (aggregation/accretion, as demonstrated in [17]).
Recent studies [5], [18]-[24] have underlined the potential
of dual- and triple-frequency measurements across X-, Ku-,
Ka-, W-, and G-bands in the characterization of ice cloud
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microphysics; however, in all studies, attenuation corrections
at the higher frequencies are imperative in order to consistently
compare measured and simulated values and thus properly
interpret the data.

Radar attenuation corrections are generally stabilized by
integral constraints that can be derived in correspondence
to natural targets of known reflectivity (surfaces) or known
differential reflectivity (e.g., by using the fact that Rayleigh
scatterers at the cloud top should yield the same effective
reflectivity [25]) and/or by additional measurements (e.g.,
passive microwave radiometers can provide estimates of liquid
water path (LWP) [26]). While gas attenuation can be sensibly
distributed along the radar path according to the vertical
distribution of temperature, pressure, and water vapor, the
presence of supercooled liquid water (SLW) layers remains
elusive when only radar observations are considered. In the
first order, one approach is to distribute the LWP equally across
the radar-detected cloud thickness, only excluding regions
colder than —40 °C (e.g., [17], [20]).

Traditionally, estimates of liquid cloud locations are based
on lidar/ceilometer measurements that provide accurate and
precise measurements of cloud-base heights [27]. Neverthe-
less, lidar-based observations alone often fail to generate
liquid water detection profiles for the entire cloud depth
because these sensors attenuate sharply when encountering
intervening liquid-bearing cloudy volumes. Other methods
based on three-channel microwave radiometers, including one
channel in the W-band [28], can provide estimates of the
temperature of the cloud liquid but are troublesome in the
presence of multilayered SLW clouds. A recent analysis in [29]
has showcased an additional (Ka-band) radar-only cloud phase
partitioning that can reliably distinguish liquid bearing from
ice-only volumes. The method is particularly effective for
liquid located in the cloud-top regions and only uses radar
Doppler moments. Ka-band radars never fully attenuate in
high-latitude subfreezing temperature clouds.

The scope of this work is to describe an improved millimeter
radar attenuation correction scheme for high-latitude mixed-
phase clouds. The technique is applicable to all ground-based
cloud supersites (such as those of the Atmospheric Radia-
tion Measurement (ARM) and the Cloud-Net programs [30],
[31]), which in addition to the millimeter radars typically
host lidars/ceilometers, passive microwave radiometers, and
routinely launch balloon soundings. The methodology is based
on an optimal combination of all these instruments in the
characterization of the vertical profile of gases and supecooled
liquid layers. This enables a more realistic liquid partitioning
of the total LWP retrieved by the passive microwave radiome-
ter in the column sensed by the radars.

Section 1l introduces the dataset and observing systems
employed in this study. Section Il provides a recapitulation
of radar signal attenuation mechanisms, followed by the
algorithm description of the proposed attenuation correction
scheme (Section 1V). A characteristic case study involving a
high-latitude, mixed-phase scene is presented in Section V.
Section VI outlines a sensitivity analysis in relation to imple-
mented components of the technique in Section 1. The main
discussion points of the study are summarized in Section VII.
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TABLE |

ARM NSA.KAZR SYSTEM MAIN CHARACTERISTICS IN CORRESPON-
DENCE TO THE TwO OPERATING MODES: CHIRP (MD) AND BURST

(GE)
FACILITY NSA (CI)
OPERATING MODE | KaZRMD | KaZR.GE
LATITUDE (°N) 71.32
LONGITUDE (°E) —156.61
ANTENNA AMSL (m) 7
FREQUENCY (GHz) 3489 | 3483
PRF (Hz) 2771
PULSE WIDTH (ns) 3967 | 300
DWELL TIME (s) 3.7
GATE SPACING (m) 29.98
LOWER BOUND (m) 695 108
UPPER BOUND (m) 17434 17526

Il. DATASET AND OBSERVING SYSTEMS

High-latitude mixed-phase clouds are the focus of this study.
All utilized data are obtained by the U.S. Department of
Energy (DoE) Atmospheric Radiation Measurement (ARM)
Program climate research facility at Barrow, Alaska [North
Slope of Alaska (NSA) (C1)] [32]. Utilized sensors are: 1) the
zenith pointing Ka-band ARM cloud radar (KaZR) [33]; 2) the
high spectral resolution lidar (HSRL) [34] (lidar data are avail-
able at hsrl.ssec.wisc.edu); 3) the microwave water radiome-
ter (MWR); and 4) radio sounding deployments launched
every 6-12 h.

From the KaZR chirp mode, follow a radar-only, binary
cloud phase partitioning (based on [29]) that segregates
ice/liquid volumes. This cloud phase mask is reliable in
detecting SLW at cloud tops and is applied at cloudy vol-
umes when the lidar signal is no longer available due to
extinction by either liquid water or optically thicker ice. The
HSRL is a 532-nm, depolarization lidar from which system
another binary mask is independently derived; the HSRL cloud
phase mask (based on [27]) segregates cloud volumes into
four phases (clear, aerosol, ice, and liquid) and serves as
the benchmark solution for all lidar-detected volumes. Radio
sounding measurements are used in evaluating the atmospheric
gas attenuation. Relative humidity with respect to liquid (Siq)
is used as an indicator of the likelihood of liquid water
clouds. The liquid relative humidity is reserved for in-cloud,
radar-detected volumes when the lidar is not available due to
signal extinction. MWRs offer retrieved, path-integrated liquid
water amounts (LWP) [26], which provide a constraint to the
methodology presented in Section IV.

The Ka-band radar operates in two modes: chirp (MD)
and burst (GE). Although the radar-based cloud phase mask
applies only the KaZR.MD mode, the burst is additionally
incorporated because, as shown in Table I, the vertical depth
of the radar blind zone at near-antenna ranges is much reduced
for the burst (100 m) as opposed to chirp (700 m). Thereby,
burst mode reflectivities are merged with the chirp, thus
significantly expanding the available radar-based observations
in proximity of the radar antenna. Data coregistration is carried
out via linear interpolations in time and range with 3.7 s
and 30-m resolution, respectively. The radio soundings are
coregistered via a temporally weighted average scheme that
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applies at least the two recent most deployments, which are
never more than 12 h apart.

I1l. MILLIMETER RADAR ATTENUATION CORRECTION

The cumulative effect of absorption and scattering
(i.e., extinction or attenuation) due to atmospheric propaga-
tion in active observing systems is attributed to three fac-
tors, attenuation due to atmospheric gases, liquid condensate,
and/or frozen particulates. The radar reflectivity factor z(r; 1)
(in mm® m=3) at a given wavelength A and range r can
be [35], [36]

20 ) =26l e | -2 [ | 307 @+ E e
I i

+y (& Dwe | dE| (D)

where zq is the effective (i.e., nonattenuated) reflectivity at
the same range, y (£; 1); is the attenuation coefficient (i.e.,
extinction cross section per unit volume, in m™!) of the
jth gaseous species, and y (&; A)owe and y (&; A)wce are the
attenuation coefficients for liquid water content and IWC,
respectively.

The conversion to logarithmic units (dB) follows by applica-
tion of the 10log,, operator on both sides of (1). The resulting
equation is

Z(r; 1) = Ze(r; 4) — 2/ Z K(& A + a(D)wcLWC(S)
I, i

+a(Dwcl WC(Q) | dS (2)

where uppercase Z (or Zg) is the radar reflectivity factor
(in dBZ), K(&; 2); = 10logyo(e) k(&5 A)j is the logarithmic
absorption coefficient (in dB km~!) per molecular species
(in which case molecular absorption is assumed much larger
than their scattering in incident Ka-to-W wavebands), and
o(AM)Lwe and a(4)wc are the specific attenuation coefficients
(in dB km~1 (kg m=3)~1) for liquid and ice, with LWC(¢&)
and IWC(¢) the liquid- and ice-water contents (in kg m~—3),
respectively. The extinction optical depth (or thickness) is
defined as

/ ) (& D)dE = 1ors 1o, ) 3)

and the attenuation correction equation becomes

Ze(r; 2) = Z(r; A) + 2 x (PIA(r; A)gas + PIA(r; A)rwe
+PIA(r; Dwe)  (4)

with PIA(r; 1) = 10log,y(e) x z(r; 4) (in dB) the one-way
path integrated attenuation (PIA; experience by the radar
up to range r, for each atmospheric constituent separately).
Equation (4) relates the measured reflectivity Z with the
effective Ze given the cumulative effect of all extinction events
along the optical path. Uncertainties related to the PIA can
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be significant to DWR-based ice microphysical studies that
rely—in part—on operating frequencies greater than 40 GHz.

The gaseous attenuation is treated in [37] via sounding-
based information (of ambient temperature, total atmospheric,
and water vapor pressures). The PIA due to ice can be
estimated via extinction—reflectivity relations [25], [38]. The
PIA due to liquid clouds requires a sensible distribution of
the liquid water content along the column, which may follow
from the three-sensor technique described hereafter.

1V. LWC VERTICAL DISTRIBUTION

The scheme for the distribution of the MWR-retrieved LWP
along any vertical profile is based on a three-sensor synergy by
utilization of: 1) HSRL; 2) KaZR (pulse compression mode
and chirp); and 3) radio soundings. The per-sensor applied
fields are: 1) binary HSRL cloud phase mask [27]; 2) binary
radar-based cloud phase mask [29] restricted only to cloud
top; and 3) interpolated (via temporal-weighted averages)
relative humidities with respect to liquid. The MWR-retrieved
LWP [26] constrains the total amount of liquid water per
profile of observations.

The HSRL is filtered by its quality flag mask that determines
at what altitude the lidar fully attenuates. In-cloud data points
are defined by the radar-based criterion SNR > —10 dB, while
extrapolated dry-bulb temperatures (via temporal-weighted
averages) constrain mixed-phase atmospheric domains, given
Tary € [—40, 0] °C. Liquid relative humidity is retained only
for data points that are seen as in-cloud by the radar and
the lidar has already fully attenuated. Across all observational
scenarios, as long as the lidar signal remains available, the
applied phase partitioning is the lidar-based alone. This is
driven by the confidence that the depolarization lidar is the
most reliable SLW estimator, and thus, this sensor always
supersedes the other two.

Since the lidar signal (at 532 nm) is more susceptible to
complete extinction than the Ka-band radar (at 8.6 mm), the
radar may detect clouds at ranges greater than the lidar when
the latter has fully attenuated at lower altitudes due to optically
thick liquid water or ice. In this case, the algorithm applies
either the radar-based cloud phase mask or S;q. Specifically,
assuming that Hg is the maximum range at which the radar
signal remains available (for SNR > —10 dB) and similarly
H_ for the lidar (based on the quality flag mask), then if
|[Hr — H_| > 300 m or H_ — Hg > 300 m, the radar mask is
not applied; conversely, if Hr — H_ > 300 m, the radar mask
is utilized.

On a per-profile basis, the case corresponding to the detec-
tion of only minute LWP amounts (<20 g m~2) is not
considered at all because PIAs even at G-band frequencies
will be less than 0.2 dB (one way). This figure corresponds
to the minimum detectable quantity for the passive microwave
radiometer as well. If the LWP exceeds 20 g m~2, then all the
liquid-bearing volumes that the lidar signal penetrates (as seen
by the lidar phase mask) will receive 20 g m~2, where this
value is equipartitioned among those volumes. The remainder
of the LWP, i.e., (LWP — 20) g m~2, is then allocated to
the observing systems as follows: 90% is apportioned to the
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Fig. 1.
soundings (further description in the text).

SLW-detected range bins as seen by both radar and lidar binary
cloud phase masks (of whatever possible combination, i.e.,
lidar-only, radar-only, or by both systems combined) and the
remaining 10% is allocated to the liquid relative humidity

range bins for which Sjq > 0.85.
The amount of liquid water content LWC(rj) (in g m=3),
at each applicable range bin, is thus given by
1
LWCr,(rj) = A f(T(rj)) x (0.9 (LWP —20)) (5)
1
LWCrs(rj) = —— T(T(r})) x (0.1 (LWP —20))  (6)

where r; is the range bin in which SLW is allocated, Ar is the
gate spacing (constant, 30 m), and f(T(r;)) is a weight based
on the dry-bulb temperature at the given range according to the
linear function: g(T) = (1/40)T + 1, T € [—40,0] °C. This
scheme is applied for all observational scenarios for which it
is LWP > 20 g m—2.

The applied scheme relies on a temperature-based weighting
that allocates greater amounts of LWC to range bins of warmer
ambient temperatures. As hinted by earlier studies [39]-[41],
the suggestion is that atmospheric regimes of elevated temper-
atures also seem to sustain greater amounts of liquid conden-
sate aloft. In an effort to corroborate such findings, we have
analyzed MWR-based LWP products at the site of Barrow,
for the period 2014-2019. Fig. 2, in particular, offers certain
insights on the LWP occurrence frequency variation with
ambient temperature, specific to the Alaskan, mixed-phase
observational scenes. This figure showcases the LWP statis-
tical occurrence at different surface temperatures and clearly
demonstrates that as the temperature lessens, so does the total
amount of the atmospheric liquid water in the radiometer’s line
of sight. It should be mentioned that Fig. 2 utilizes temperature
information only at the ground (virtually at sea level in the case
of Barrow), and thus, any atmospheric inversions aloft are not
ascertainable. Although there is no direct comparison between
LWP and LWC, Fig. 2 supports the idea of a higher likelihood

RANGES LOWER THAM

RADAR UDAR
CLOUD CLouD RADIOSOUNDING
MASK MASK

IDENTIFY SLWC
RANGE BINS
BASED ON RH
THRESHOLD

1

DISTRIBUTE 20g/m2 IN
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RANGE BINS

! 3
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FRACTIONAL AMOUNTS TO RADAR/LIDAR
AND RADIOSOUNDING SLWC RANGE BINS
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+ 4

GENERATE SLWC VERTICAL DISTRIBUTION
AS THE WEIGHTED 5UM OF
THE TWO RADAR/LIDAR AND
RADIOSOUNDING SLWC PROFILES

IDENTIFY SLWC
RANGE BINS

Flowchart for mapping the LWC vertical distribution based on the synergy between Doppler radar, depolarization lidar, MW radiometer, and radio
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Fig. 2. Density scatter plot relating the MWR-retrieved path integrated liquid
water amount (LWP) against the surface temperature at the site of Barrow
(NSA, C1), for the period January 2014-May 2019. Only snapshots of below-
freezing-point ambient temperatures (at ground level) are considered. The
dashed line segregates roughly the 95% percentile of the LWP occurrence
frequency at 5° temperature intervals.

of larger LWC occurring at warmer ambient temperatures.
Nevertheless, any analogy between temperature and LWC
remains highly uncertain, and thus, it can only be meaningful
statistically. To that end, a sensitivity analysis that follows in
Section VI allows for a broad envelope of possibilities for
such T-LWC relations, thereby highlighting the impact of the
temperature-based weighting on both the resulting LWC and
attenuation profiles.

Regarding the fixed amount of 20 g/m? out of the total
available LWP that is allocated to range bins of thin super-
cooled liquid water content (SLWC) layers that the lidar
signal penetrates, this can be estimated qualitatively by the
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formula LWP = (2/3) x 7 X re, Which is applicable in
the geometric optics regime (i.e., assuming validity of the
extinction paradox). In this relation, the LWP is given in g/m?,
7 is the optical depth, and r is the effective radius of a water
droplet, in um. For supercooled clouds of re = 10 um, the
choice for LWP = 20 g/m? corresponds to an optical depth
of 3 (and larger for smaller rg). The resulting round-trip trans-
missivity will thus be in the order of exp(—6) = 2.5 x 1073,
amounting to a 99.75% signal loss of an attenuation —26 dB
between the high reflectivity of the SLW targets and the HSRL
minimum detectable signal. Still, with a typical dynamic range
of 50-70 dB, even such attenuation amounts are not sufficient
to fully extinguish the lidar, in which case signal returns may
still be recorded. The assumed value will roughly sit between
optical thicknesses producing no extinction and full extinction
of the lidar signal and is deemed appropriate for the scope
of the study. In fact, small changes to this value will not
alter the attenuation correction since the corresponding LWP
is comparable with the radiometer uncertainty.

V. CASE STUDY

A case study with peculiar features is here presented. The
depicted case highlights a scene from the Barrow site on
October 28, 2017. This event consists of an upper layer
cold cloud with cloud base at a near-constant altitude of
5 km (AMSL) and low-level hydrometeor formations extend-
ing up to 1 km (AMSL) until 1000 UTC, as shown in the
reflectivity panel [Fig. 3(a)]. The reflectivity field showcased
here follows from the merging of the two transmitting modes
(the chirp and burst modes, indicated by KaZR.MD and
KaZR.GE, respectively) in order to optimize sensitivity and
signal at closer ranges, in view of the two modes’ blind
zone depths (see Table 1). Thereby, the reflectivity defines all
data points registered as in-cloud based on the radar detection
threshold of SNR > —10 dB.

Fig. 3(b) shows the HSRL cloud phase mask in which five
classes are presented for clear, aerosol, ice, and liquid; the
latter has been additionally segregated into optically thick or
thin (tenuous) when the lidar signal is not fully attenuated
and optically thick clouds otherwise. The lidar is prone to
extinction due to either liquid water or optically thicker ice of
larger extinction coefficients, although this scene highlights
a mostly attenuated HSRL at near-ground ranges due to a
persistent SLW presence throughout.

Fig. 3(c) shows the binary radar-based cloud phase mask
that is characterized by its two classes, “SLW” or “other-
wise” (aerosol/ice). For visual clarity, the coloring of this
mask is presented such that magenta/green corresponds to the
liquid/ice radar-demarcated pixels in which the lidar signal
remains available or orange/gray corresponds to the same par-
tition when the lidar has fully attenuated at lower ranges. Data
points for Zx, ¢ [—32, +8] dBZ fall outside of the radar-based
phase partition algorithm’s applicability [29]; those pixels are
outlined by the blue color.

It is in multilayered events such as the one presented here
that the relevance of the radar-based mask comes to the fore-
front. The highest likelihood of SLWC presence is identified
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by the depolarization lidar if and when that remains available.
Otherwise, the detection of any SLW-bearing volumes is rele-
gated to the Doppler radar’s capability for doing so. According
to Fig. 3(b) and (c) for this event, the utilization of the HSRL
cloud phase mask is significantly hampered due to the sensor’s
full extinction at the lowest altitudes. Yet, Fig. 3(c) reveals
additional cloud phase-property insights based on the radar
spectral widths and reflectivity vertical gradients; the absence
of Doppler spectra with spectral width larger than 0.15 m s~?
in conjunction with reflectivity gradients less than 5 dB km~!
strongly points to the absence of SLW therein [29]. On the
other hand, the radar-based mask suggests a higher probability
for SLW at around 1.8 and 2.3 km (AMSL), past 1000 UTC,
which is in-part corroborated by intermittent intervals of lidar
availability, discernible in Fig. 3(b). Furthermore, cloud-top,
liquid-bearing volumes usually appear with a vertical depth of
about 200 m, based on high-latitude, mixed-phase conditions
climatological analyses [29].

Low-level liquid (e.g., haze) is generally not detectable by
the radar mask due to blind zone depth or radar dynamic range
limitations. This fraction of the liquid condensate, observed
here at ranges less than 1 km (AMSL) for the full scene
duration, is well demarcated by the lidar. The radar-based
phase partitioning [Fig. 3(c)] is entirely chirp-dependent due to
the enhanced sensitivity of this mode in better detecting cloud-
top domains, yet starts from 700 m (AMSL) (see Table I). This
cloud mask is effective only at cloud-top regimes.

Fig. 3(d) shows the extrapolated liquid relative humidity
(Sig), filtered by data points classified as in-cloud to the
merged radar signal (SNR > —10 dB), where the lidar is
fully attenuated. The filtering is adopted because LWC is only
allocated in regions with radar-detected clouds and where the
lidar signal is not available anymore due to full extinction.
The relative humidity with respect to liquid, albeit a weaker
constraint, is one additional factor utilized in estimating the
presence of SLW when S;q > 0.85.

Fig. 3(e) shows the extrapolated dry-bulb temperature (Tary).
The current scene demonstrates below-freezing-point environ-
mental conditions for its entire duration, given that ambient
temperatures do not exceed —5 °C. The temperature falls
below —40 °C at about 6 km (AMSL), above which ranges
only ice clouds may be encountered. Finally, the time series
of Fig. 3(f) demonstrates the MWR-retrieved LWP of nonneg-
ligible values in the range between 80 and 350 g/m~—2. Con-
clusively, the portrayed scene illustrates significant amounts
of optically thicker SLW at near-surface levels and another
ice-only cloud layer [>4.5 km (AMSL)] that is well detected
by the radar but completely missed by the lidar, due to full
attenuation within the thick low SLW layer.

Fig. 4(a) shows the LWC vertical distribution (in a log,,
scale) if this were to be equipartitioned across all in-cloud
radar-detected volumes of Tqy € [—40,0] °C, without the
application of any weighting function (this is the technique
currently proposed by several authors). Conversely, Fig. 4(b)
shows the vertical distribution of the LWC based on our
procedure (Section 1V), with obvious differences compared to
the equipartition method. Prior to 1000 UTC, Fig. 4(b) shows
that all the LWCs are allocated in volumes of the low-level
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cloud [<1 km (AMSL)]. This is attributed to the radar-based throughout. After 1000 UTC, Fig. 4(b) shows how most of the
cloud mask that does not point to the presence of SLW in LWC is allocated in volumes at either near-ground altitudes
the upper level cloudy volumes, given the lidar unavailability [<0.5 km (AMSL)], based on the lidar signal, or at about
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2 km (AMSL), pertaining to the cloud-top radar-detected SLW,
as shown in Fig. 3(c). For all other in-cloud, lidar-extinct
pixels of Sjq > 0.85, our algorithm allows for a marginal
additional LWC allocation still, yet the LWC distribution is
predominantly determined by the combined radar/lidar binary
masks that receive 90% of the LWP.

Figs. 5 and 6(a) and (b) show the one-way PIAs that
follow from the application mentioned in [37] at 95 and
200 GHz, respectively, when the applied LWCs are of the
equipartition or the three-sensor methodology in Section IV.
The current context considers only W-to-G-band frequencies
because, only at those higher frequencies, absorption optical
depths due to SLW become markedly significant. The optical
depths are evaluated by accounting the extrapolated fields of:
1) total atmospheric pressure; 2) water vapor partial pres-
sure; 3) dry-bulb temperature; and 4) a distribution of the
liquid condensate (LWC). The one-way PIAs are evaluated
by PIA; = 10log;(€) x (z4),, Where (z,), is the spectrally
dependent absorption optical depth. For ranges farther away
from the radar, the PIAs converge toward the same numbers
in both cases: at 95 GHz for up to 2 dB and 200 GHz
around 6 dB. An evident PIA discrepancy between the two PIA
profiles is manifested particularly at lower altitudes. Clearly,
the greater the LWC assigned to closer-to-the-ground ranges,

the faster the PIA reaches its upper end values for any given
snapshot. For the equipartitioned LWC distribution, PIA,
gradually increases as long as there exist in-cloud data points
and reaches its maximum only past the upper most altitude
of the radar-detected cloudy volumes. For the three-sensor
LWC distribution technique, more pronounced PIA; amounts
are reached at lower altitudes. As a result, PIA discrepancies
become relevant closer to the radar antenna, more so at G-band
frequencies.

Fig. 7 shows an example of the profile at 11:20:02 UTC,
0.0-6.5 km (AMSL). Fig. 7(a) (reflectivity) in conjunction
with Fig. 7(b) (dry-bulb temperature) shows in-cloud, radar-
detected range bins of [—40,0] °C. Fig. 7(c) shows the
equipartitioned LWC profiles based on the adopted filtering,
ie, SNR > —10 dB A T4y € [—40,0] °C, whereas
Fig. 7(d) shows the LWC according to our methodology.
Farther away from the radar, at around 2.3 km (AMSL), the
lidar has already attenuated fully, and thus, the attributed
LWC is associated with the radar and/or the radio sound-
ing. The relative significance (90% as opposed to 10%)
assigned to each set of observing systems (radar/lidar and
radio sounding) is also evident from Fig. 7(d) (compare
yellow and red diamonds). Fig. 7(e) and (f) highlights that
PIA, evaluated by the three-sensor synergy reaches greater



4303611

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 60, 2022

6.5 [REFLECTIVITY [MEASURED]

20171028 / 11:20:02 UTC

DRY.BULB TEMPERATURE
20171028 / 11:20:02 UTC

LWC [EQUI-PARTITIONED]
20171028 / 11:20:02 UTC

6.0

LWC [T-DRY.DRIVEN]
20171028 | 11:20:02 UTC

PIA (ONE-WAY) . 95 GHz
20171028 | 11:20:02 UTC

PIA (ONE-WAY) . 200 GHz
20171028 | 11:20:02 UTC

<» RADAR/LIDAR
1 RADIO SOUNDING

s EQUIPARTITION
s MULTI-SENSOR

s EQUIPARTITION
s MULTI-SENSOR

55

5.0

45

ot
n

m—— LWC TOTAL

AMSL [km]
w
o

20

15

1.0

0.5

Fig. 7.

0.0
-35-30-25-20-15-10 -5 0 -50-40 -30 -20 -10 ©0 O 0.1 0.02 0.03 0,04 0.0 01 02 03 04 00 0.5 1.0 150 1 2 3 4 5 6
dBZ @ °C (@] g/m3 m gim?

E dB dB

Vertical profiles of the scene shown in Fig. 3 at 11:20:02 UTC for the fields: (a) radar reflectivity, (b) dry-bulb temperature, (c) equipartitioned

LWC for in-cloud, radar-detected data points of Ty € [—40, 0] °C as shown in the two leftmost panels, (d) allocated LWC according to the three-sensor
methodology in Section 1V, (e) one-way PIA at 95 GHz based on the liquid condensate distribution of either (c) or (d), and (f) as in (e) for the G-band

operating frequency at 200 GHz.

1.0

s LINEAR: alx) = (-1 x +1

e EXPONENTIAL: 9(X) = (~1+exp({x-)"){-1+exp(+-3)")
0-8|| . Hyp. TANGENT: () = (tanh((x-4)"}itanh((-5)")"

0.6

04

0.2

0.0 —

-40 -35 -25

Fig. 8.

-20 -15
X [DRY-BULB TEMPERATURE(°C)]

Monotonically increasing functional forms considered in the Tqry-weighted scheme as applied in the current study. Applied structures include

-10 -5 ]

(magenta; linear) g(T) = (=1//)T + 1, (blue; exponential) g(T) = (=1 +exp((T — B)*)/Cexp, (green; hyperbolic tangent) (tanh((T — £)?)/ Cranh)€, Where
Cexp = —1+exp((y — B)*) and Ciann = tanh((y — B)°) serve as normalization coefficients for the given set of parameters (o = 0.62, § = —40 °C, y =0 °C,

0=0.4, and ¢ = 15.0).

values at much lower ranges compared to the attenuation
based on the LWC equipartition. Round-trip PIA discrepancies
at 95 GHz may be up to 2-3 dB, while at 200 GHz for as
high as 5 dB. These values are certainly significantly impact-
ing DWR-based ice cloud-property retrieval methodologies,
which demonstrates the relevance of using refined attenuation
corrections.

V1. SENSITIVITY ANALYSIS

In our scheme, there are some arbitrary choices in the
decision tree of Fig. 1, specifically the selection of the tem-
perature weighting function and the adopted relative weights
that partition the attribution of the total LWP to radar/lidar
and radio sounding observations, respectively. We briefly
evaluate the impact of these assumptions. In addition to the
proposed linear temperature weighting, we have considered

two additional temperature weighting schemes based on expo-
nentials and hyperbolic tangents (Fig. 8) and assessed the
impact of those functions on the resulting P1As at both W- and
G-band frequencies. For the relative weights between the
active sensors and the radio sounding, we have considered an
extreme scenario where we allocate 60% of the LWP to the
radar/lidar and 40% to the radio soundings. Fig. 9(a) and (b)
shows that a maximum 10-15% uncertainty in the PIA profile
can be expected depending on the choices for Tgy weighting
and partial LWP allocation fractions, yet the envelope of our
solutions remains clearly distinct from the equipartitioning
PIA profiles at both frequencies. The resulting round-trip
PIA discrepancy (inclusive of the portrayed spread) across all
depicted evaluation instances against the equipartitioning is
roughly up to 2 dB at 95 GHz, while at 200 GHz may be
significantly larger up to 5 dB.
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Uncertainty pertaining to the MWR-retrieved LWP is con-
ditionally small. The radiometer (NSA.MWR) registers an
uncertainty set at 20 g/m? irrespective of retrieved LWP
amounts. Therefore, for the more critical windows of larger
atmospheric moisture aloft (>100 g/m?), when the treatment
of the round-trip attenuation due to liquid water presence is
more pressing, the MWR-based ambiguity diminishes substan-
tially. The relative uncertainty in the microwave radiometer
LWP retrieval produces an identical relative uncertainty into
the PIA product.

VI1I. DiscussioON AND CONCLUSION

Multifrequency, radar-based techniques for the microphys-
ical characterization of ice clouds generally require atten-
uation corrections for estimating the effective reflectivities.
Millimeter-radar signal attenuation cannot be neglected, yet
it remains challenging given the significant uncertainty of
the SLW location, more so when depolarization lidar-based
information is not available due to complete lidar extinction
from intervening liquid condensate or layers of optically
thicker ice.

The current study proposes a three-sensor technique based
on radar, lidar, and radio sounding observations for the
vertical allocation of the MWR-retrieved LWP, which is
deemed more realistic than equipartitioning the LWP within
all radar-detected cloudy volumes. Our results show that
our SLW distribution produces round-trip PIA profiles that
at W- and G-band frequencies, it may significantly depart
between the two techniques (with values up to 2 and 5 dB
at W- and G-bands, respectively) and that ad hoc choices in
our methodology have a secondary impact (with maximum
discrepancies of the PIA profiles of around 15%).

The proposed methodology has applications within the
context of DWR-based, multifrequency ice microphysical
retrievals that incorporate W-band or higher frequency radars.
For instance, ARM Mobile Facility 2 (AMF2) high-latitude
campaigns, such as BAECC [42] or AWARE [43] at Hyytiala
(Finland) and McMurdo Station (Antarctica), respectively,
include deployments of W-band cloud radars in multifrequency
observational setups inclusive of lidar, radiometer, and radio
sounding observations. Similar setups are now available at
some CloudNet or cloud physics supersites (e.g., [30], [44]).
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Furthermore, attenuation corrections associated with the pres-
ence of SLWC in polar environments become imperative for
full exploitation of G-band radars and their potential in the
microphysical characterization of high-latitude ice and mixed-
phase clouds (e.g., [5]).
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