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ABSTRACT

Attenuation of the W-band (95 GHz) radar signal by atmospheric ice particles has long been neglected in
cloud microphysics studies. In this work, 95-GHz airborne multibeam cloud radar observations in tropical
stratiform ice anvils are used to estimate vertical profiles of 95-GHz attenuation. Two techniques are
developed and compared, using very different assumptions. The first technique examines statistical
reflectivity differences between repeated aircraft passes through the same cloud mass at different altitudes.
The second technique exploits reflectivity differences between two different pathlengths through the same
cloud, using the multibeam capabilities of the cloud radar. Using the first technique, the two-way attenuation
coefficient produced by stratiform ice particles ranges between 1 and 1.6 dB km ™! for reflectivities between
13 and 18 dBZ, with an expected increase of attenuation with reflectivity. Using the second technique, the
multibeam results confirm these high attenuation coefficient values and expand the reflectivity range, with
typical attenuation coefficient values of up to 3—4 dB km ™! for reflectivities of 20 dBZ. The potential impact of
attenuation on precipitating-ice-cloud microphysics retrievals is quantified using vertical profiles of the
mean and the 99th percentile of ice water content derived from noncorrected and attenuation-corrected
reflectivities. A large impact is found on the 99th percentile of ice water content, which increases by
0.3-0.4gm™ > up to 11-km height. Finally, T-matrix calculations of attenuation constrained by measured
particle size distributions, ice crystal mass—size, and projected area—size relationships are found to largely
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underestimate cloud radar attenuation estimates.

1. Introduction

Millimeter-wave radars (also called “cloud” radars)
have become crucial instruments in the field of atmo-
spheric science, because of their unique capacity to detect
clouds and precipitation while remaining compact and
easy to deploy from ground, aircraft, or satellite plat-
forms, as compared to weather radars. A major limitation
of existing cloud radars (mostly developed at Ka band
and W band, corresponding to frequencies of about

Corresponding author: Alain Protat, alain.protat@bom.gov.au

DOI: 10.1175/JTECH-D-18-0154.1

35 and 94 GHz, respectively) is the substantial signal at-
tenuation through optically thick liquid clouds and rain
(e.g., Lhermitte 1990, 2002; Clothiaux et al. 1995; Li et al.
2001). For instance, using an exponential drop size dis-
tribution assumption, Lhermitte (1990) estimated that a
10mmh ' rainfall produces a one-way attenuation co-
efficient of 2 dB km ™! at 35 GHz, and 7 dB km™ ' at 95 GHz.

Reviewing the literature for studies of Ka-band or
W-band attenuation in stratiform precipitating ice clouds
indicates that this topic has received little attention. It also
reveals that attenuation by precipitating ice is often as-
sumed negligible in ice microphysics retrieval techniques
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or flagged as not retrievable [e.g., the CloudSat Radar-Only
Cloud Water Content Product (2B-CWC-RO) and
Radar-Visible Optical Depth Cloud Water Content
Product (2B-CWC-RVOD); Austin et al. 2009; the
triple-frequency retrieval from Gaussiat et al. (2003)].
However, recent triple-frequency snow retrievals
(e.g., Kneifel et al. 2011; Leinonen et al. 2011, 2012;
Kulie et al. 2014; Grecu et al. 2018) and some advanced
satellite ice microphysics retrievals using active and
passive remote sensing [e.g., Grecu and Olson 2008; the
CloudSat Snow Profile Product (2C-SNOW-PROFILE);
Wood and L’Ecuyer 2018] now include precipitating-ice
attenuation as part of their retrieval framework. These
precipitating-ice retrieval developments would benefit
from more quantitative studies of precipitating-ice at-
tenuation. Some studies provide estimates of attenuation
in snowstorms from actual observations, but only in the
form of path-integrated attenuation (i.e., no information
on the vertical distribution). Leinonen et al. (2012) and
Grecu and Olson (2008) estimated path-integrated
attenuation of up to 10dB from airborne W-band ob-
servations of a midlatitude snowstorm over Wakasa
Bay associated with reflectivities ranging from 10 to
20dBZ. Leinonen et al. (2011) estimated maximum
W-band attenuations not exceeding 1dBkm ™' in snow-
storms over Finland. Kneifel et al. (2011) published at-
tenuation values ranging from 0.2 to 1 dBkm ! for snow
water contents between 0.1 and 0.5gm ™~ from scattering
calculations using snow aggregates. Kulie et al. (2014)
concluded from detailed scattering calculations using
snow aggregates that “‘the exact relationship used to
correct W-band observations for attenuation is some-
what arbitrary,” as the aggregate density assumption
can produce large differences in their scattering cal-
culations of the relationship between W-band attenu-
ation and unattenuated reflectivity. Another main
source of uncertainty reported in these observational
studies is how much of the total W-band attenuation is
caused by supercooled liquid water in these snow-
storms. Using cloud-resolving outputs for a lake-effect
snowstorm, Grecu and Olson (2008), estimated this
fraction to be around 30% for their case study, but this
is assuming that the model realistically represents the
microphysical properties of supercooled liquid water.
Other studies of convective snow clouds found values
ranging from 1 to 4dBkm ! due to embedded super-
cooled liquid cloud layers (e.g., Matrosov 2009; Kneifel
et al. 2011; Kulie et al. 2014). Finally, when using differ-
ences between W-band and unattenuated reflectivities at a
higher wavelength to characterize precipitating-ice atten-
uation, the fraction of the reflectivity difference due to
non-Rayleigh scattering is a potential source of over-
estimation of attenuation.
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It must be noted that none of these studies were
conducted in tropical stratiform precipitation, where the
detailed ice microphysical properties and dominant
microphysical processes are expected to be different
from midlatitude and high-latitude snowstorms. A bet-
ter understanding and quantification of W-band atten-
uation in different types of stratiform precipitation is
needed to inform further ice microphysics retrieval de-
velopments, including for CloudSat and future cloud
radar or multifrequency radar missions.

Recent aircraft observations collected with a mul-
tibeam 95-GHz Doppler radar (Protat et al. 2009;
Delanoé et al. 2013) in the stratiform ice part of West
African mesoscale convective systems (MCSs) repeat-
edly exhibited intriguing features. While the aircraft
progressively ascends within the MCS stratiform part,
the maximum in radar reflectivity is systematically lo-
cated close to the aircraft and reflectivity systemati-
cally decreases with radar range (Fig. 1). Ice-particle
aggregation is the dominant process in stratiform ice
precipitation, which should result in an increase in re-
flectivity from cloud top down to above melting layer,
except just above the melting layer where the combi-
nation of ice particle aggregation and non-Rayleigh
scattering results in a decrease in reflectivity (e.g., the
94-GHz radar “‘dim band”’; Heymsfield et al. 2008). In
Fig. 1, reflectivity is found to systematically decrease
from the aircraft flight altitude downward, which is not
consistent with ice aggregation being the dominant
process. The most likely explanation for this feature is
attenuation. It must be noted that this feature has been
observed time and time again in four recent field ex-
periments focused on tropical stratiform ice parts of
MCSs [two experiments in West Africa and the Maldives
Island, described in Fontaine et al. (2014) and two ‘‘high
ice water content” experiments in Darwin, Australia, and
Cayenne, French Guiana, described in Strapp et al.
(2018) and Deritter et al. (2013)]. In situ observations for
those cases showed that no supercooled liquid water
content was present. No graupel or hail was found either
from analyses of the two-dimensional (2D) probe images.
Therefore, supercooled water, graupel, or hail cannot
explain this attenuation signature. From a qualitative
analysis of the 2D probe images, these regions are char-
acterized by ice aggregates (e.g., Bouniol et al. 2010),
which, because of their higher density, are intuitively
expected to produce more attenuation than pristine
crystals or chain-like aggregates commonly observed
in the upper part of tropical stratiform anvils (e.g., Stith
et al. 2002; Connolly et al. 2005; Gayet et al. 2012).

Since this effect is not negligible, accurate estimates of
95-GHz attenuation in stratiform ice anvils are needed for
several applications. The first obvious application is the
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FI1G. 1. (a) Vertical cross section of radar reflectivity for M T-AFRICA flight 23. The flight track is the solid black
line. Vertical dashed lines outline the start and end of each flight pass through the same cloud mass. The four orange
rectangles outline the areas used for the reflectivity comparisons and resulting attenuation coefficient estimations
using PDF and mean vertical profile comparisons with the time-difference technique. The horizontal dashed line at
6-km height corresponds to the minimum height used in our study. (b),(c) Cartoons explaining the time difference
and spatial difference techniques, respectively (see text for details).
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quantitative estimate of stratiform ice cloud microphysical
properties from active and passive remote sensing from
ground, aircraft, and satellite. The impact of neglecting the
effect of 95-GHz attenuation in MCS studies needs to be
assessed. For instance, CloudSat 94-GHz radar products
have already been extensively used in the literature to
characterize different morphology and microphysical
growth processes in continental versus oceanic stratiform
parts of MCSs (e.g., Cetrone and Houze 2009). Another
major application that requires a better knowledge of
95-GHz attenuation is the characterization of ice crystal
icing for the aviation industry. A recent focus of aviation
authorities has indeed been to characterize the formation
and maintenance processes involved in a new form of icing
not involving supercooled liquid clouds, named ice crystal
icing. In short, ice crystal icing is found to occur within
about 50 km from deep convective cores and corresponds
to low to moderate turbulence areas with high concen-
trations of small ice crystals. The ultimate objective of the
aviation authorities is to update the regulations related to
ice crystal icing. Aircraft field experiments (Strapp et al.
2018; Dezitter et al. 2013; Protat et al. 2016) have been re-
cently conducted to collect in situ and 95-GHz multibeam
cloud radar observations of ice water content in and around
deep convective cores to update those regulations. The
focus is on estimating the 99th percentile of ice water con-
tent (IWC) as a function of spatial averaging scale (Strapp
et al. 2018). Attenuation needs to be carefully corrected to
mitigate its potential impact on this 99th percentile of IWC.

Our main motivation in this work is to quantify
95-GHz attenuation in tropical stratiform ice anvils. In
this paper, we take advantage of dedicated aircraft cloud
radar observations collected as part of an aircraft
campaign for the preparation of the French-Indian
Megha-Tropiques (MT) satellite mission over West
Africa (MT-AFRICA) to estimate 95-GHz radar at-
tenuation from multiple passes at different flight alti-
tudes and multibeam cloud radar observations through
the same stratiform ice anvils detrained from MCSs.
This field experiment, observations, and methodologies
used to estimate 95-GHz attenuation are described in
section 2. Results are then presented in section 3. Main
findings are summarized in section 4.

2. Observations and methodology

Observations used in this study are from an aircraft
campaign conducted to inform the development of the
passive microwave rainfall algorithms for the MT sat-
ellite mission with the French Falcon 20 research aircraft
from Service des Avions Francais Instrumentés pour la
Recherche en Environnement (SAFIRE). During this
campaign, MT-AFRICA, the Falcon 20 aircraft was
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based in Niamey (Niger) during the monsoon season
(August 2010). The Falcon 20 was equipped with the
multibeam 95-GHz cloud Radar System Airborne
(RASTA; Protat et al. 2009; Delanoé et al. 2013) and a
suite of state-of-the-art optical array probes [the 2D-
Stereo Probe (2D-S) from Stratton Park Engineering
Company (SPEC), Inc., and the Precipitation Imaging
Probe (PIP) from Droplet Measurement Technologies
(DMT)] to measure the particle size distribution (PSD)
over the size range 10-6400 um [see Fontaine et al. (2014)
for further details and postprocessing descriptions]. The
unique feature of the RASTA 95-GHz radar is the
multibeam antenna system, which consists in successive
transmission on three noncolinear downward-looking
antennas (nadir, 20° backward from nadir, and 15° from
nadir toward the right wing), then three noncolinear
upward-looking antennas (zenith, 20° backward from
zenith, and 15° from zenith toward the right wing), al-
lowing for the three-dimensional wind to be retrieved
below and above the aircraft flight altitude.

Attenuation due to water vapor and oxygen has been
estimated and used to correct our reflectivity measure-
ments using the Liebe et al. (1993) model and the atmo-
spheric profiles collected by in situ probes during takeoff
and landing. As expected, these corrections were found to
be very small for heights above 6 km, which is the mini-
mum height level used in this study. Although the cali-
bration of RASTA does not impact any of the results
obtained in what follows (i.e., differences in reflectivity
are used), it is worth noting that the radar has been
carefully calibrated using accurate measurements of gains
and losses through each radar component, remote fixed
targets of known backscatter cross sections, and the Li
et al. (2005) ocean surface backscatter technique (Bouniol
et al. 2008). Quantitative comparisons with the CloudSat
spaceborne 94-GHz radar also showed that the two in-
struments agreed to within 1dB (Protat et al. 2009).

The antennas have been carefully intercalibrated us-
ing collocated data from the closest range (i.e., 240-m
range on the vertical antenna), where differential at-
tenuation between the backward and vertical beams is
negligible. We also checked that excluding reflectivities
greater than 5dBZ in those comparisons yielded the
same calibration differences (0.25 and 0.15dB for the
upward and downward antennas, respectively).

The sampling strategy during these M T experiments
was to collect in situ particle size distributions, 2D im-
ages of ice particles, and vertical cross sections of cloud
radar reflectivity and 3D winds in the stratiform part of
tropical MCSs from straight flight legs (which will also
be called ““passes” in this paper) at different altitudes
from about 11-km height down to the melting layer and
into the liquid part of the MCS, in height steps of about
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1km. The strategy was to follow as much as possible the
same cloud mass by letting the aircraft drift with flight
altitude winds, then descend by about 1km during
turns to revisit as much as possible the same cloud mass
(see Fig. 1). Although this sampling strategy was
merely aimed at process studies and the characteriza-
tion of the temperature variability of the ice crystal
mass-size relationship (Fontaine et al. 2014, 2017) the
additional value of this sampling strategy is that it po-
tentially allows for a statistical estimation of radar at-
tenuation within the layer composed between two
flight altitudes from the analysis of statistical differ-
ences in reflectivity between two successive passes.
This first method will be referred to as the ‘“‘time
difference’” method.

The principle of the time-difference technique is shown
in Fig. 1b for the downward-looking radar antennas. The
principle is the same when using the upward-looking
radar antennas. Two successive passes over the same
portion of the stratiform anvil but at different flight al-
titudes H; and H, are used (Fig. 1b). If we assume that
the temporal evolution of the stratiform cloud between
t; and 1, is nil everywhere in the orange box (i.e., the
cloud is “frozen”), the layer-mean attenuation A be-
tween H; and H, is equal to the difference (Z, — Z;) for
each reflectivity measurement within the orange box.
The more realistic assumption we are making is that
time differences between statistical properties of re-
flectivity within the orange box are predominantly due
to the layer-mean attenuation A. In other words, we
neglect the statistical reflectivity difference due to the
temporal evolution of the stratiform cloud mass under
consideration. In our study, we derive two independent
estimates of A using two different reflectivity metrics:
the 50th percentile of the reflectivity probability distri-
bution function (PDF) and the mean vertical profile of
reflectivity (averaging in linear units of mm°®m ™ then
converting back to dBZ). The attenuation coefficient
(dB kmfl), is derived as A/(H, — H,). Also, as can
be seen in Fig. la, convective updrafts embedded in
the stratiform region are often seen piercing through
the melting layer (corresponding to high attenuation
“wedges,” usually below 6-km height). To mitigate their
impact on our attenuation estimates, all data below 6-km
height (1-1.5km above the melting layer in this region)
are discarded in our analysis.

To qualitatively assess the impact of neglecting the
cloud temporal evolution between two successive
aircraft passes, we first check that the shape of the
PDFs at the two different times are very similar, and
also that the shape of the mean radar reflectivity
profiles of radar reflectivity at the two different time
periods are very similar. We also compare the two
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independent estimates of A obtained below and above
the attenuating layer for each pair of aircraft passes.
Overall, we expect the temporal evolution assumption
to be less satisfied closer to the melting layer than
in the upper troposphere, because of the previously
discussed intermittent convective updrafts embedded
within stratiform regions piercing through the melting
layer. These convective updrafts are short lived and
may therefore not appear on two successive flight
passes (see Fig. 1a). A good agreement between esti-
mates from below and above the attenuating layer
therefore implies a minimal impact of temporal evo-
lution on the attenuation estimates. These two quality-
control procedures (comparing the shapes of PDFs
and vertical profiles, and comparing independent
attenuation estimates below and above the attenuat-
ing layer) were systematically used to make the de-
cision on retaining or discarding a point, as will be
illustrated later.

To investigate the potential relationship between
layer-mean attenuation A and layer-mean reflectivity,
we produce a layer-mean reflectivity by averaging all
reflectivities (in linear units of mm®m™>) at 240-m
range below the aircraft from the higher-flight-altitude
pass, and at 240-m range above the aircraft from the
lower-flight-altitude pass. Using only the first valid
range bin of the cloud radar allows for the impact of
attenuation to be minimized. Also, once the layer-mean
attenuation is estimated, this first-guess layer-mean re-
flectivity is itself corrected for attenuation over 240-m
range to further reduce the impact of attenuation on the
layer-mean reflectivity estimate.

The second method used to estimate 95-GHz at-
tenuation, referred to as the ‘‘spatial difference”
method (Fig. 1c), takes advantage of the unique
multibeam system of the RASTA cloud radar. For
each radar range bin along the nadir or zenith beams
(which we will refer to as the ‘‘vertical” beams, al-
though they are never perfectly vertical due aircraft
motions of course), we find the closest point from
the down-backward and up-backward beams, respec-
tively. These backward beams have traversed a longer
path than the vertical ones (Fig. 1c). This additional
pathlength (r, — r;) through the clouds produces an
additional attenuation for the backward reflectivities,
which can be simply estimated as (Z, — Z1)/(ry — r2)
(dBkm ™', Fig. 1c). An assumption in these calcula-
tions is that clouds are sufficiently spatially homoge-
neous to fully attribute the mean difference in reflectivity
and pathlength to attenuation, at least from a statistical
standpoint. This assumption is obviously not satisfied
for each point, and as a matter of fact, a slightly nega-
tive (hence impossible) attenuation coefficient is often
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retrieved with this technique. Statistically though, it
seems reasonable to assume that this impact of local
spatial variability should cancel out on average, as there
is no reason for the spatial variability of clouds to sys-
tematically enhance or diminish reflectivity.

Another assumption is that the different radar view-
ing angles from the two antennas (about 20°) do not
produce systematic differences in reflectivity. It has
been shown for pristine crystals like dendrites and
columnar ice crystals that even a small difference in
viewing angle of 20° can produce differences in re-
flectivity of several decibels (e.g., Matrosov et al.
2012). Fortunately, in mature stratiform anvils like
those sampled in our field experiments, these pristine
crystals are not the dominant type, nearly spherical
aggregates are. Differences between nadir and 20°
off-nadir views obtained at W band from T-matrix
calculations for nearly spherical aggregates (aspect
ratios of 0.8) were found to be small (Matrosov et al.
2012, their Fig. 6). This effect does presumably in-
troduce errors in individual estimates of attenuation
from our technique, but the statistical impact on our
results is expected to be minimal, although as ex-
plained above this assumption could partly explain
the occasional slightly negative (impossible) attenu-
ation retrievals.

Two additional criteria have been set to optimize the
quality of the retrieved attenuation coefficient. First,
the distance between collocated points along the beams
can sometimes take larger values because of sudden
aircraft motions. In those instances, reflectivity differ-
ences presumably cannot be attributed to attenuation
only. Thus, a maximum distance of 200 m is imposed.
Also, since the difference in range close to the aircraft
is very small and is the denominator for the attenua-
tion correction, results were found to be unstable for
a range difference smaller than about 150 m. Therefore,
a conservative minimum range difference of 200m has
been set.

The time-difference and spatial-difference methods
are based on very different assumptions (neglecting
temporal evolution versus neglecting spatial variabil-
ity). An advantage of the spatial-difference technique
over the time-difference technique is that estimates
are obtained for a wider range of reflectivities, allow-
ing for a more complete description of the relation-
ship between reflectivity and attenuation coefficient.
On another hand each attenuation estimate with the
spatial-difference method is derived from only two
individual measurements of reflectivity, presumably
resulting in larger errors. In the absence of a proper
reference to validate our 95-GHz attenuation esti-
mates in stratiform ice, the only element of validation
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of our results will come from the good agreement be-
tween these two vastly different approaches.

3. Results

In this section we first discuss and compare the re-
sults obtained with the time-difference and spatial-
difference attenuation retrieval techniques. Then we
examine the statistical impact of the retrieved attenu-
ation levels on the statistical profile of reflectivity in the
stratiform anvil of tropical MCSs. Finally, we assess
whether well-constrained T-matrix scattering calcula-
tions at 95 GHz applied to state-of-the art in situ PSD
measurements can be used to estimate 95-GHz atten-
uation accurately.

a. Attenuation estimates using the time-difference
method

We first examine a typical widespread continental
stratiform part of an MCS sampled during MT-
AFRICA flight 23 on 26 August 2010 (same flight as
that presented in Fig. 1). We selected this flight be-
cause it was typical of the overall sampling strategy,
and it highlights both the potential and limitations
of the time-difference technique. As explained in
section 2, the ‘‘attenuating layer”’ is the layer located
between the two flight altitudes (Fig. 1b). As shown
in Fig. 1, five successive passes were flown during
flight 23, providing four opportunities to estimate
layer-mean attenuation in four different layers of
about 1-km thickness each: 6-7-, 7-8-, 8-9-, and
9-10-km heights, roughly. As a brief summary, the
principle of the time-difference technique is to cal-
culate differences in the 50th percentile of reflectivity
PDF and differences in mean vertical profile of re-
flectivity calculated from two successive flight passes
at different flight levels through the same cloud
mass. These calculations provide a total of four es-
timates of the layer-mean attenuation for each pair
of aircraft passes (two above and two below the same
attenuating layer). In our analysis, each selected
flight pass is of the same length so that statistical
comparisons are drawn from a similar number of
samples.

Figure 2 shows the “‘time difference” results using
the mean vertical profiles of reflectivity. The mean
reflectivity profiles (Fig. 2a) clearly show what is ex-
pected from attenuation, with vertical profiles above
(below) flight altitude shifting at any given height to
higher (lower) reflectivities when the aircraft flies at
higher (lower) altitude. The vertical profiles of re-
flectivity difference, which are equivalent to an at-
tenuation coefficient in decibels per kilometer once
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b) Mean Differences (dBZ)
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FIG. 2. (a) Vertical profiles of mean radar reflectivity for the five legs defined in Fig. 1. (b) Vertical profiles of
reflectivity difference for the four pairs of successive aircraft passes.

normalized per kilometer (Fig. 2b) are not perfectly
constant with height, nor perfectly equal below and
above the aircraft, as they should be if temporal evo-
lution was fully negligible and the Lagrangian track-
ing of clouds was perfect. This likely indicates that the
number of samples at each height level used to derive
the mean vertical profiles of reflectivity is insufficient,
which as discussed in section 2 is a downside of using
such reflectivity metrics compared to using the re-
flectivity PDF difference. However, when averaging
all individual attenuation estimates from each vertical
profile to obtain a single layer-mean attenuation es-
timate per profile above or below the attenuating
layer (Fig. 4), we find a good agreement between at-
tenuation estimates derived from comparisons above
and below the attenuating layer (solid black line
and solid red line in Fig. 4): 1.1 versus 1.2dBkm ' in
the 9-10-km layer, same value of 1.2dBkm ™' in the
8-9-km layer, and 1.95 versus 2.25dBkm ' in the
7-8-km layer.

Comparing the PDFs provides additional insights into
the impact of temporal evolution and the respective
merits of the two reflectivity difference metrics. The
PDFs constructed from two successive passes are in
excellent agreement overall (Fig. 3). The main ex-
ception is between legs 3 and 4 for the 6-7-km at-
tenuating layer (Fig. 3g) where the shapes of the two
PDFs clearly differ. Attenuation estimates associated
with very different reflectivity PDFs have been dis-
carded by visual inspection when analyzing all the
flights. As discussed in section 2, we suggest using the
agreement between the attenuation estimates below
and above the aircraft, and the agreement between
the mean vertical profile and PDF results to quality

control the attenuation estimates. Figure 4 clearly
shows that the attenuation estimates obtained using
differences between the mean vertical profiles and
using the difference between the 50th percentiles of
the PDFs, both below and above the aircraft, are all in
very good agreement. This good agreement is the
closest we can get in this study to a validation of the
attenuation estimates.

All 11 flights from the M T-AFRICA campaign have
been processed using the time-difference technique.
Twenty-two pairs of suitable flight passes were se-
lected and processed. Out of these 22 pairs, 13 pairs
made it through our selection criteria using the simi-
larity of the reflectivity PDFs and the agreement of
the attenuation estimates below and above the at-
tenuating layer. Figure 5 shows all retained individual
estimates of attenuation coefficient as a function of
layer-mean reflectivity. The first thing to note is that
the range of layer-mean 95-GHz reflectivities covered
by this study is quite narrow, between 13 and 18 dBZ.
This is most likely due to the focus on stratiform MCS
ice anvils. More dedicated aircraft studies are needed
to complement this first analysis. Apart from three
estimates with values of attenuation coefficient ex-
ceeding 2dB km ™!, there is a well-defined increase in
attenuation coefficient with reflectivity, with values
ranging from 1 to about 1.6 dB km ' in the 13-18-dBZ
range. The good agreement between independent
two-way attenuation estimates from different flights
gives credibility to these results. These attenuation
coefficient values are not negligible, albeit lower than
typical values for rain (~7dBkm ' for a 10mmh ™!
rainfall; e.g., Lhermitte 1990), as expected. A closer
inspection of the three outliers with higher attenuation
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coefficient reveals that the higher attenuation is as-
sociated with intermittent convective updrafts ex-
ceeding 6 km in height. The suspicion is that these
intermittent convective updrafts produce differences
in reflectivities between the two aircraft passes that
are not fully due to attenuation. Besides, these con-
vective updrafts likely carry supercooled water above
the melting layer, which is expected to produce ad-
ditional attenuation not due to ice particles. Al-
though the aircraft was equipped with a Rosemount
Icing Detector (RICE) to detect supercooled water,
the top of these convective updrafts were always
below the flight altitude for the three cases. Therefore,

such data cannot be used to confirm the expected
presence of supercooled liquid water below flight
altitude.

b. Attenuation estimates using the spatial-difference
method

We now turn to an analysis of attenuation esti-
mates obtained with the spatial-difference technique.
This technique has been applied to the 11 flights
of the MT-AFRICA campaign. Radar reflectivities
from the vertical antennas have been corrected for
attenuation using the multibeam estimates to produce
a joint histogram of attenuation-corrected reflectivity
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FIG. 4. Layer-mean attenuation estimates for flight 23 as
a function of height below (black) and above (red) the attenuating
layer using the mean vertical profiles (VP, solid lines) and the PDF
comparisons (dotted lines).

versus two-way attenuation coefficient (Fig. 6). As ex-
pected, the attenuation coefficient is found to increase
with reflectivity. Attenuation is found to be negligible
on average for reflectivities below 5dBZ. The scatter
around the most frequent values for each reflectivity bin
of the joint histogram is substantial, which confirms that
the spatial variability cannot be neglected on a point-
by-point basis (as expected). It must be noted that we
find that an analysis of individual flights systemati-
cally produces a very similar joint reflectivity—attenuation
coefficient distribution pattern to that of Fig. 6, with the
same amount of scatter (not shown). This suggests that
the scatter is indeed due to the technique uncertainties,
not to a natural case-to-case variability of the attenuation
coefficient-reflectivity relationship. The best linear fit
between attenuation coefficient A (dBkm™') and re-
flectivity Z in linear units (mm®m ) (reported in Fig. 6
as a dotted line) is

A=0.0325Z. (1)

For sake of comparisons with the time-difference
approach, the individual estimates from Fig. 5 are
superimposed as black circles to the joint distribution
of Fig. 6, and a best fit from the limited number of
points has also been produced and displayed as a
dashed line (the proportionality coefficient is 0.0413
in that case, as reported in Fig. 6). As discussed pre-
viously we had only been able to characterize a nar-
row range of reflectivities with the time-difference
approach. However, it is very satisfying to see that
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FIG. 5. Estimates of two-way 95-GHz attenuation coefficient as
a function of the mean 95-GHz reflectivity of the attenuating
layer for all selected pairs of flight passes from the MT-AFRICA
experiment.

those points are roughly collocated with the highest
frequencies of the joint reflectivity—attenuation co-
efficient histogram, providing confidence that these
different semiquantitative attenuation estimates converge
toward very similar levels of attenuation. Given the lack
of data points in the 22-25-dBZ range (which is ex-
pected, because of non-Rayleigh scattering at 95 GHz
limiting the occurrence of reflectivities larger than
about 23 dBZ), we recommend using our attenuation—
reflectivity relationship only up to reflectivities of
about 22 dBZ.

The impact of attenuation correction on the vertical
structure of reflectivity in tropical stratiform ice anvils
is illustrated in Fig. 7 using MT-AFRICA flight 23
(same as Fig. 1). The attenuation correction is largest
for that case below 9-km height, with values of up to
about 10dB just above the melting layer (Fig. 7c).
Once the correction is applied, radar reflectivities are
no longer maximum at the aircraft flight altitude lo-
cation (Fig. 7b) and increase from the aircraft altitude
down to the melting layer, which is consistent with ice
aggregation being the dominant process in stratiform
ice anvils.

c¢. Impact of attenuation on ice water content statistics
in stratiform ice anvils

An important question arising from these results is
the potential impact of neglecting this high attenuation
on statistical properties of tropical stratiform ice anvils
in past studies using cloud radar observations. As also
discussed in the introduction to this work, the aviation
industry requires the characterization of the 99th per-
centile of IWC in and around tropical convective cores
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the dotted line is a fit to the joint reflectivity—attenuation coefficient histogram.

to update civil aviation regulations related to ice crys-
tal icing (e.g., Strapp et al. 2018; Dezitter et al. 2013).
To provide insights into this impact of attenuation
on IWC, the attenuation-reflectivity relationship in
(1) has been applied to the whole MT-AFRICA re-
flectivity dataset, and the attenuated and attenuation-
corrected reflectivities have then been converted to
IWC using the Protat et al. (2016) IWC-Z relationship
[their relation (1)]. From these IWC estimates, the
vertical profiles of the mean (black) and the 99th per-
centile (blue) of the IWC distribution have been de-
rived and are displayed in Fig. 8b. Statistically, the
mean reflectivity profile is increased by about 1dB
because of the attenuation correction, slightly less
above 10-km height (Fig. 8a). The corresponding
impact on the mean profile of IWC (difference be-
tween dashed and solid black lines in Fig. 8b) is
about 0.1gm >, which corresponds to a 12%-20%
increase in IWC over the profiles depending on height.
The largest impact is clearly on the 99th percentile of
IWC, which increases by 0.3-0.4gm™> up to 11-km
height (a 15%-25% increase depending on height),
and about 0.1 gm ™ * above 11-km height. These statis-
tical biases due to attenuation are not negligible and
need to be corrected when possible. However, it is im-
portant to note that they are within the typical un-
certainties of radar IWC retrievals (e.g., Heymsfield
et al. 2008; Protat et al. 2016), which implies that con-
clusions drawn from earlier statistical studies using
radar-derived microphysics of tropical convective clouds

without 95-GHz ice attenuation should still largely be
considered valid.

d. How well do T-matrix calculations approximate
attenuation in stratiform ice anvils?

The final objective of this study is to use our radar
estimates of 95-GHz attenuation to examine whether
two-way attenuation can be accurately estimated from
in situ 2D probe particle size distribution observa-
tions. To do so, T-matrix calculations (Mishchenko
et al. 1996) of 95-GHz radar reflectivity and two-way
attenuation coefficient have been carried out using
the in situ measured PSDs N(D.x), the measured ice
crystal projected area-maximum dimension relation-
ship A(Dpax), and the retrieved crystal mass—maximum
dimension relationship m(Dp.x) from MT-AFRICA.
The principle of these ‘“‘constrained” T-matrix calcula-
tions is described in detail in Fontaine et al. (2014). In
short, to model the scattering properties of the ice
particles using the T-matrix approach, the ice particles
are assumed to be oblate spheroids with a flattening
equal to the mean aspect ratio of the ice particles with
55um < Dy.x < 2mm. The dielectric properties of
ice particles are constrained by the fraction of ice in
each hydrometeor [see Eq. (10) in Fontaine et al.
(2014)]. The terms N(Dp.x) and A(Dp.y) are used to
estimate the mean aspect ratio of the ice crystals (every
5s), which is introduced as the oblateness of the oblate
spheroids in the T-matrix calculations. The m(D ay)
relationship is used to constrain the fraction of ice as a
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FIG. 7. For MT-AFRICA flight 23 (same flight as in Fig. 1), vertical cross sections of
(a) attenuated radar reflectivity, (b) attenuation-corrected reflectivity, and (c) attenuation

correction using Eq. (1).

function of D,,,, which is in turn used to calculate the
refractive index of the mixture [Garnett 1904; Eq. (1)
in Ryzhkov et al. 2011] in the T-matrix calculations.
Comparisons of T-matrix simulations and direct
95-GHz reflectivity near flight altitude with RASTA
were used to validate these calculations (Fontaine
etal.2014). Figure 9 shows all 5-s T-matrix estimates of
two-way attenuation and 95-GHz reflectivity using
PSD measurements from the MT-AFRICA experi-
ment. Radar estimates from Fig. 5 are also super-
imposed (black circles) for sake of comparisons. A fit
has also been derived for the two sets of points. The
spread of T-matrix attenuation coefficient values for
any given reflectivity is about +0.25dBkm ™' around
the best fit (solid black line). Overall, the T-matrix
estimates are about a factor 1.5-2 lower than the cloud

radar estimates over the 13-18-dBZ range, although
the largest 5-s T-matrix estimates do overlap with the
cloud radar mean attenuation points. Reasons for this
discrepancy will need to be explored in the future. Our
speculation is that constraining the oblateness of all
spheroids in T-matrix calculations with a single mean
aspect ratio may result in underestimated attenuation
coefficient for a given reflectivity, because of atten-
uation being more sensitive to smaller particles than
reflectivity. So, while reflectivities were in excellent
agreement with measured ones on Fontaine et al.
(2014), it appears that the current mean aspect ra-
tio approach might not be optimal for attenuation
estimation. Refining these T-matrix calculations to
better match the range of radar-derived values will be
the subject of future research.
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4. Conclusions

In this study, we have used unique 95-GHz air-
borne cloud radar observations in stratiform ice anvils
detrained from deep mesoscale convective systems to
estimate 95-GHz attenuation produced by ice particles
in precipitating-stratiform ice anvils. Two different ap-
proaches have been developed and compared. The first
technique examined statistical reflectivity differences
between repeated passes through the same cloud mass at
different altitudes. To mitigate the impact of temporal
evolution of clouds between two passes, we compared
the functional form of the PDFs and shape of the mean
vertical profile of radar reflectivity, below and above the
attenuating layer, to select valid points. We found with
this first approach that the two-way attenuation co-
efficient increased from about 1 to 1.6dB km " for values
of 95-GHz reflectivities ranging between 13 and 18 dBZ.
Individual estimates for pairs of passes even exceeded
2dBkm ' These values are not negligible when in-
tegrated along cloud paths and need to be corrected for in
cloud radar retrievals of cloud microphysical properties.

The second technique examined reflectivity differ-
ences between two different pathlengths through the
same cloud, using multibeam observations from the

airborne cloud radar. These multibeam estimates were
used to produce a joint histogram of reflectivity versus
two-way attenuation coefficient. As expected, the at-
tenuation coefficient is found to increase with reflectiv-
ity, from negligible for reflectivities below 5dBZ to
3-4dB km™ ! for 20-dBZ reflectivity. A fit to our retrievals
has been proposed for other researchers to correct their
datasets for attenuation. Importantly, comparisons with
the time-difference approach clearly showed that these
two very different techniques, based on very different
assumptions, were converging toward similar levels of
attenuation for a given reflectivity, with the individual
points from the time-difference approach collocated with
the highest frequencies of the joint reflectivity—attenuation
coefficient histogram derived from the spatial-difference
technique.

The potential impact of these high levels of attenuation
on cloud microphysics retrievals has been investigated by
comparing vertical profiles of the mean and the 99th
percentile of ice water content derived from attenuated
and attenuation-corrected reflectivities. The impact on
the mean profile of IWC was of about 0.1 gm >, which
corresponds to a 12%-20% increase in IWC. The largest
impact was found on the 99th percentile of IWC, with
increases of about 0.3-0.4gm > up to 11-km height, and
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FIG. 9. T-matrix estimates of two-way 95-GHz attenuation co-
efficient and 95-GHz reflectivity derived from all 5-s PSDs from
MT-AFRICA (color is flight-level air temperature). All attenua-
tion coefficient estimates from Fig. 5 are also shown as black circles
for comparison. The solid black line is a fit to the T-matrix esti-
mates. The dashed black line is a fit to the cloud radar estimates
(black circles).

about 0.1gm > above 11-km height. These statistical
biases due to attenuation are not negligible but are within
the typical uncertainties of radar IWC retrievals. This
result implies that conclusions drawn from earlier statis-
tical studies using radar-derived microphysics of tropical
convective clouds without 95-GHz ice attenuation should
still largely be considered valid.

Finally, using measured particle size distributions and
retrievals of the relationship between mass—ice crystal size
and projected area-ice crystal size at flight altitude, we
found that T-matrix calculations of two-way attenuation
underestimated our cloud radar estimates by a factor of
1.5-2. Reasons for this will need to be investigated further
by conducting sensitivity analysis of scattering calculations
to spheroid oblateness assumptions at different particle
sizes.
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