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Abstract: The aim of this study is to highlight the issue of missed supercooled liquid water (SLW)
detection in the current radar/lidar derived products and to investigate the potential of the combined
use of the EarthCARE mission and the Arctic Weather Satellite (AWS)—Microwave Radiometer
(MWR) observations to fill this observational gap and to improve snowfall retrieval capabilities.
The presence of SLW layers, which is typical of snowing clouds at high latitudes, represents a
significant challenge for snowfall retrieval based on passive microwave (PMW) observations. The
strong emission effect of SLW has the potential to mask the snowflake scattering signal in the high-
frequency channels (>90 GHz) exploited for snowfall retrieval, while the detection capability of
the combined radar/lidar SLW product—which is currently used as reference for the PMW-based
snowfall retrieval algorithm—is limited to the cloud top due to SLW signal attenuation. In this
context, EarthCARE, which is equipped with both a radar and a lidar, and the AWS-MWR, whose
channels cover a range from 50 GHz to 325.15 GHz, offer a unique opportunity to improve both SLW
detection and snowfall retrieval. In the current study, a case study is analyzed by comparing available
PMW observations with AWS-MWR simulated signals for different scenarios of SLW layers, and an
extensive comparison of the CloudSat brightness temperature (TB) product with the corresponding
simulated signal is carried out. Simulated TBs are obtained from a radiative transfer model applied
to cloud and precipitation profiles derived from the algorithm developed for the EarthCARE mission
(CAPTIVATE). Different single scattering models are considered. This analysis highlights the missed
detection of SLW layers embedded by the radar/lidar product and the sensitivity of AWS-MWR
channels to SLW. Moreover, the new AWS 325.15 GHz channels are very sensitive to snowflakes in
the atmosphere, and unaffected by SLW. Therefore, their combination with EarthCARE radar/lidar
measurements can be exploited to both improve snowfall retrieval capabilities and to constrain
snowfall microphysical properties.

Keywords: AWS; supercooled liquid water; microwave remote sensing; snowfall retrieval

1. Introduction

Snow is an essential variable in the Earth climate system. High-latitude regions, in
particular, where snow plays a key role in the water and energy cycle, are experiencing
significant changes linked to climate change. However, snowfall retrieval represents a
challenging question in the atmospheric science field. Ground-based instruments, such as
snow gauges and weather radars, provide only local areal measurements; moreover, in
most of the regions where snowfall is predominant, weather observation networks are very
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scarce or totally absent. Therefore, the refinement of satellite-based methods for snowfall
retrieval is necessary for global monitoring of snowfall [1—4].

Spaceborne microwave (MW) sensors have been largely used to detect and extract
quantitative information on snowfall, thanks to their ability to probe within clouds. The
polar orbiting, W-band high sensitivity Cloud Profiling Radar (CPR) has been operating on
the NASA CloudSat mission since 2006 [5], and is now available on the recently launched
ESA /JAXA Earth Cloud Aerosol and Radiation Explorer (EarthCARE) mission [6]. More-
over, it is foreseen for the WIVERN mission, currently in Phase A in the ESA Earth Explorer
Program, which would be the first space-based mission providing in-cloud winds, along
with high-resolution reflectivity profiles of rain, snow, and ice water [7]. CPR is considered
the most suitable sensor for snowfall monitoring at higher latitudes (as demonstrated in
several studies, e.g., [8,9]) typically characterized by light/moderate intensity [10]. Cloud-
Sat has provided unprecedented datasets for the study of clouds and global snowfall up to
82° latitude. It is worth noting that CPR W-band reflectivity tends to saturate in heavier and
deeper snowfall events due to non-Rayleigh effects [11,12], may be affected by attenuation
because of the presence of supercooled liquid water (SLW) [13], and is affected by ground
clutter [9,14-16], with significant impact on the climatology of shallow snowfall events [8].
Moreover, CloudSat CPR has worked in a day-only operation mode since 2011 [17]. In
spite of these limitations, the CPR has shown superior capabilities with respect to the other
spaceborne instruments, including the Ku/Ka-band scanning Dual-frequency Precipitation
Radar (DPR) on board the Global Precipitation Measurement (GPM) mission Core Observa-
tory [18]. The DPR lower sensitivity does not allow light snowfall occurrence to be properly
accounted for and quantified [19], and its limited latitudinal coverage (up to 65°N/S) does
not allow for a global snowfall climatology. A quality assessment of several satellite-based
snowfall products over the ground-based radar network of the continental U. S. showed
that CloudSat-CPR gives the best detection statistical scores [11]. However, CPR is nadir-
looking and has a limited swath (1.5 km), and does not provide the needed coverage for
frequent monitoring of snowfall. If selected, WIVERN will remedy this drawback [20].

Therefore, satellite snowfall monitoring is mainly based on the observations of pas-
sive microwave (PMW) sensors onboard Low Earth Orbit (LEO) satellites [21,22] which
offer better coverage, thanks to an increasing number of platforms and wide swaths, and
good sensitivity to snowfall, as demonstrated by several studies [11,23-29]. The snowfall
retrieval is typically based on the ability to interpret the snowfall scattering signature in the
high-frequency channels (>90 GHz), which respond more effectively to ice microphysics
and are less prone to surface effects than low-frequency channels, and to distinguish it from
the clear-sky (surface and atmosphere) contribution (e.g., [30,31]). However, several factors
make the PMW snowfall signal ambiguous and the relationship between multi-channel
measurements and surface snowfall intensity highly non-linear, especially in extremely
cold/dry environmental conditions [4]: the snowfall scattering signal is relatively weak
(e.g., [32]), it is highly dependent on the complex microphysical properties of snowflakes
(e.g., [24,33,34]), and it can be contaminated by the extremely variable background surface
emissivity [31,35-37] and by the presence of SLW [1,38,39]. Moreover, recent studies based
on the use of coincident active and passive MW measurements [40] have demonstrated
the complex interconnection between all these factors on the PMW multi-channel signa-
ture [26,27,37]. It is worth noting that these studies are affected by the intrinsic limitations
of the active sensors used as reference, not only to quantify snowfall (mentioned above for
CPR and DPR) but also to detect SLW.

The presence of SLW layers is due to the fact that cloud droplets can remain in a
metastable liquid condition down to about —40 °C. Below 0 °C, cloud particle populations
can consist of a mixture of ice particles and liquid droplets [41]. These mixed-phase clouds
are characterized by complex structures both vertically and horizontally [42]. In general,
very little SLW is expected because the ice crystals that form in this temperature range
will grow at the expense of liquid droplets. However, SLW is often observed at negative
temperatures above —20 °C at all latitudes. In addition, recent observations performed
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over the Antarctic region have revealed SLW layers with temperature between —20 and
—30 °C and liquid water path (LWP) between 0.002 and 0.20 kg m~2. Such layers can have
a significant impact on the upwelling microwave radiation [43].

The impact of SLW layers on the PMW upwelling radiation, affecting the snowfall
signature, represents one of the most important challenges in snowfall retrieval. Radio-
metrically, cloud liquid water absorbs and emits measurable microwave energy, generally
causing brightness temperature (TB) warming; thus, it can mask the possible ice scattering
signature generated by snowfall (TB cooling) [44]. SLW layers are often found in snowing
clouds: Wang et al., 2013 [44] reported a frequency of occurrence exceeding >70% over
the ice-free ocean, while Battaglia and Delanoég, 2013 [45] found occurrences of 57% and
33% over sea and land. This SLW impact on the PMW signal varies with frequency: at
low frequencies (30-50 GHz), this emission signal (TB warming) dominates over the snow
particle scattering signal (TB cooling), while between 89 and 94 GHz, the decrease of TB due
to snowflake scattering and its increase due to cloud liquid water are comparable; at higher
frequencies (>150 GHz), the ice scattering signature dominates more and more. However,
the relative influence of the snowflake scattering signature and SLW emission signal is
highly dependent on the environmental conditions (mainly the atmospheric moisture) and
on the SLW layer height [44].

Currently, SLW layers are detected from satellites by combining lidar and radar
observations. Lidar and radar have complementary properties: lidar signals are sensitive
to optically thin clouds, such as supercooled water clouds, which are characterized by large
numbers of small liquid water droplets, but are rapidly attenuated in optically thick clouds,
whereas radar signals are able to penetrate even optically thick clouds, such as ice clouds
which are characterized by larger particles, but are less sensitive to optically thin clouds
composed of small particles [45-47]. However, the combined radar-lidar product presents
some limitations. In particular, the strong extinction of the lidar in a SLW layer precludes
detection of any lower liquid layer; moreover, the lidar signal can also be extinguished
closer to the surface because of optically thick ice clouds above [48]. On the other hand,
PMW observations are sensitive to SLW layers both at the top and embedded in the clouds.
Battaglia and Panegrossi, 2020 [13] demonstrated that including the CPR radiometric
mode (at 94 GHz) could be very useful for improving the detection of SLW embedded in
clouds over ice-free ocean. However, at 94 GHz, the SLW absorption/emission and the
snow scattering can partially cancel out the upwelling radiation. Since the different PMW
frequencies react differently to the different hydrometeor combinations, multi-channel
PMW measurements are the way forward to fully disentangle the two contributions in
different snowfall regimes.

Over the last 6 years, PMW machine learning-based algorithms exploiting global
observational datasets built from passive and active microwave spaceborne sensors have
been demonstrated to be very suitable for global snowfall detection and retrieval [11,49-55]
In particular, the Snow retrieval. ALgorithm fOr gMi (SLALOM, [52,53]) for the GPM
Microwave Imager and the Snow retrieval. ALgorithm fOr gpM—Cross Track (SLALOM-
CT, [54]) for the operational cross-track scanning ATMS onboard JPSS satellite series are
trained on CloudSat CPR snowfall measurements and include SLW detection modules.
These modules use the CPR-CALIOP DARDAR product [56] as reference. As in most
lidar/radar coupled systems, DARDAR detects the SLW near the cloud top while it misses
most of SLW embedded in the cloud due to lidar attenuation [52]. Therefore, also in
SLALOM and SLALOM-CT, the SLW detection is limited to the occurrences at the cloud
top. However, as reported by Mroz et al., 2021 [11], the ability to detect SLW has a positive
impact on the accuracy of SLALOM snowfall estimates compared to other PMW products.

The recent launch of the EarthCARE mission, and the availability of multi-channel
MW radiometers on board polar orbiting satellites equipped with a large frequency range
offer new opportunities both to retrieve the presence of SLW layers and to improve snowfall
detection and quantification, especially at higher latitudes. In particular, the recent launch
of the Arctic Weather Satellite (AWS) mission (on 16 August 2024), a dedicated mission for
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monitoring the Arctic weather, represents a very interesting opportunity to improve both
SLW layer and snowfall retrieval. The AWS is equipped with the Microwave Radiometer
(MWR), whose channels cover a range from 50 GHz to 325.15 GHz, useful both to retrieve
the presence of SLW layers and to improve snowfall detection and quantification. It is
therefore important to assess the potential of the AWS-MWR for snowfall retrieval at high
latitudes and to investigate the possibility to develop a Machine Learning (ML) based
algorithm similar to the SLALOM-CT [54] based on the synergic exploitation of AWS capa-
bilities and the recently launched EarthCARE mission. The AWS will be the forerunner of
the potential EUMETSAT Polar System Sterna (EPS-Sterna), itself conceived as a constella-
tion of small (120 kg) polar-orbiting satellites, each carrying a single microwave radiometer
providing frequent coverage of the Earth and full coverage of the polar zones with no
gaps. EPS-Sterna would complement the MetOp series, as well as the US NOAA’s JPSS, by
providing more frequent observations, mainly for temperature and humidity sounding.
However, thanks to its unprecedented coverage, the AWS constellation offers a unique
opportunity for enhancing and improving precipitation monitoring at high latitudes.
The objectives of this study are:

1. Highlight the issue of missed SLW detection in the CAPTIVATE retrieval which will
represent the backbone algorithm for the synergistic EarthCARE cloud products and
assess the potential using of the 94 GHz radiometric mode;

2. Show the sensitivity of multi-channel AWS measurements to SLW properties in
snowfall conditions;

3. Demonstrate the potential of the use of the 325.15 GHz channels to disentangle the
contribution of SLW and snowfall to the measured TB.

2. Instruments and Methods

This study is based on the analysis of a 7-day dataset (1 January 2007-7 January 2007)
of 49 A-Train CloudSat/CALIPSO complete orbit observations. Cloud and precipitation
vertical profiles from combined Cloud Profiling Radar (CPR) and Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP) observations are derived by applying the Cloud,
Aerosol, and Precipitation from mulTiple Instruments using a VAriational TEchnique (CAP-
TIVATE) algorithm which will be implemented in the EarthCARE mission (ACM-CAP
product [57]). These profiles are used in radiative transfer model (RTM) simulations to de-
rive multi-channel brightness temperatures (TBs) to be compared with PMW measurements
from existing sensors and to obtain a synthetic AWS-MWR dataset.

In the next sections, the characteristics of the active and passive sensors used in the
study and each component of the RTM simulations are described.

2.1. The Cloud Profiling Radar and the CALIPSO Lidar

The CPR is a 94 GHz nadir-looking radar on board CloudSat. CloudSat was launched
on 28 April 2006 and operated until December 2023; the W-band CPR operations began on
2 June 2006. CPR has acquired the first-ever continuous global time series of vertical cloud
structures and vertical profiles of cloud liquid and ice water content with a 485 m vertical
resolution. The 3 dB footprint of the antenna field on view spans 1.4 km [5]. CALIPSO
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) is a nadir-viewing, two-
wavelength (532 and 1064 nm), polarization-sensitive lidar [58]. It is the first polarization
lidar in orbit and the first satellite lidar to provide long-term continuous measurements.
Both CloudSat and CALIPSO fly as part of the A-train constellation of satellites, offering
a variety of measurement synergies. They have provided multiyear datasets of global
aerosol and cloud profiles [59]. CPR and CALIOP observations have been used as input to
the CAPTIVATE algorithm to generate microphysics profiles, including SLW layers (see
Section 2.4).

The 94 GHz CloudSat TB product is very useful for checking the consistency of the
simulations and their sensitivity to the presence of SLW. The TB is calculated from the
radiometric measurement obtained by processing the noise floor data contained in the
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1B-CPR standard data product. The noise floor is first defined starting from cloud mask
and further refined to use only range bins that have no contamination from cloud or
surface backscatter. All range bins selected in this way are averaged to obtain a single-
profile estimate of background power. The temperature-dependent contributions from the
instrument are then removed from the single-profile estimates [60]. Since CloudSat was
not designed to act as a radiometer, careful calibration efforts were necessary to translate
the received power into a physical TB [61]. This calibration was carried out using carefully
screened cloud-free pixels over well-characterized ocean surfaces in conjunction with
radiative transfer modeling to translate the AMSR-E TB to the CloudSat frequency and
viewing geometry [61]. However, this procedure may be affected by a residual bias [13].
Despite these limitations, the use of the 2B-94TB product has been very useful to obtain a
one-to-one comparison between TBs obtained from the CPR measurements and the TBs
simulated based on the CAPTIVATE retrievals. However, the limitations of the 2B-94TB
product described above, and the fact that it is based on a single frequency, has motivated
us to extend the comparison also to observations from available cross-track scanning
radiometers, which provide multi-channel measurements similar to AWS.

2.2. The CAPTIVATE Algorithm

CAPTIVATE [62,63] is a synergistic retrieval algorithm for vertically-pointing radars,
lidars, and radiometers. It was designed for the instruments onboard the EarthCARE
mission. CAPTIVATE exploits the complementary properties of the various sensors to
simultaneously retrieve all classes of hydrometeors and aerosols in each profile, and takes
account of measurement errors and physical assumptions to report the uncertainties associ-
ated with all retrieved quantities for interpretation by users and downstream products [57].
The algorithm is based on an optimal estimator approach. First, a target classification
is performed to identify the constituents of each volume (ice, liquid cloud, rain, melting
layer, and aerosols). Then, a state vector is constructed, comprising the parameters de-
scribing all constituents previously identified in the volume. The state vector is used as
input to a forward model to simulate the observations made by each instrument (lidar,
radar, and radiometer). The optimal estimate is the state vector that minimizes the cost
function between the instrument observations and the forward model output. It is impor-
tant to underline that the CAPTIVATE algorithm treats all ice hydrometeors that may be
present in each bin (e.g., cloud ice, snowflakes, aggregates) as one unique category; as in
the CPR measurements, it is not possible to distinguish between the contribution from
cloud ice and from precipitating hydrometeors. Therefore, the retrieved IWC refers to all
ice/snow hydrometeors found in each bin. For SLW layers, their cloud tops are identified
by CALIOP whereas their corresponding liquid water content (LWC) is partly constrained
by the MODIS visible radiances. This retrieval has limitations (see [45]), such as the missed
detection of embedded SLW layers in deep clouds.

In this work, CAPTIVATE was applied to the observations collected by the CloudSat
CPR, the CALIPSO CALIOP, and the MODIS radiometer, all in the same A-Train con-
stellation, for hundreds of orbits [64] in order to obtain cloud and precipitation profiles.
Ice Water Content (IWC), Rain Water Content (RWC), and Liquid Water Content (LWC)
profiles, obtained by applying CAPTIVATE, were used as input to the RTM. These products
are characterized by the CPR horizontal resolution (1.4 km) and a 60 m vertical resolution.
A filter was applied to the data to delete outliers. In particular, values higher than the 99th
percentile of each variable IWC, RWC, and LWC) were replaced with the mean values
between the nearest four values in the profile.

2.3. The Radiative Transfer Model

The RTM uses the 2-stream Eddington approximation in a plane parallel atmo-
sphere [65,66], widely used for microwave radiation (e.g., [67]). The water vapor and
other gas absorption properties were derived by the Rosenkranz model [68]. Tempera-
ture and humidity profiles were obtained from the CPR ECMWEF-AUX product where
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the atmospheric state variables forecasted by the ECMWF model are associated with each
CloudSat CPR bin (the product is described by Ref. [69]). The ocean surface emissivity
model is TESSEM [70]; two input parameters (wind speed and sea surface temperature)
were extracted from the ECMWF-AUX product while the salinity was fixed to 35 g kg~ !.
In the RT model, the radiative properties of liquid water are obtained from Mie theory;
the refractive index used is the one described in [71,72]. The ice hydrometeor scattering
was derived from Rayleigh Gans theory [57,73-76]. In order to produce different scatter-
ing models, different mass—size relationships were used, following the study of Tridon
et al., 2019 [77]. The nomenclature used in this paper is similar to that of the reference
(see information about microphysics and scattering models in Table 1). It is important to
note that among the assumptions summarized in Table 1, only the one called “captivate”
is consistent with the assumptions made in the retrieval scheme. It is also important to
underline that the same scattering properties have been applied to the whole ice profiles,
because CAPTIVATE does not distinguish between different types of solid hydrometeors
(e.g., cloud ice, precipitating snowflakes).

Table 1. Nomenclature and references of the different scattering models. The coefficient for the
mass-size relationship m = «DP in SI units are also listed in the last two columns.

Scattering Model

Microphysics Reference ot B

leinonen AO
koln-2017

leinonen BO p1

captivate

leinonen B0 p2

leinonen C

simultaneous aggregation and

riming—LWP = 0 kg m~2 Leinonen & Szyrmer, 2015 [73] 0.012 2.032
dense unrimed aggregates Hogan et al., 2017 [76] 0.158 2.1
subsequent aggregation of ice crystals .
and riming—LWP = 1 kg m~2 Leinonen & Szyrmer, 2015 [73] 0.024 1.989
mass-size relation given by
Brown and Francis, 1995 [78] and the area-size Mason et al., 2023 [57] 0.012 1.9
relation of Francis et al., 1998 [79]
subsequent aggregation of ice crystals .
and riming—LWP = 2 kg -2 Leinonen & Szyrmer, 2015 [73] 0.037 1.969
snowflake growth driven primarily by the Leinonen & Szyrmer, 2015 [73] 469 336

riming process

Moreover, the particle size distributions (PSD) are assumed to be as gamma distribu-
tions, with NO, Dy, and p calculated in order to match both the Dy, and the IWC (derived
from the CAPTIVATE retrievals) and the observed CPR reflectivity. Moreover, for each
observation, a clear-sky simulated TB vector was estimated by considering only the emis-
sion/absorption effect of the gases (oxygen and water vapor) present in the atmosphere
(using the ECMWF model temperature and water vapor profiles).

2.4. The AWS-CloudSat Cloud Radiation TB Dataset

The first part of the study consists of a comparison between the simulated TBs at
94 GHz and the CloudSat 94 GHz TBs (2B-TB94 product) for a dataset obtained by se-
lecting CAPTIVATE profiles over ice-free ocean; the analysis was limited to this type of
surface because it is characterized by a well-constrained surface emissivity (see Section 2.5).
Moreover, the analysis was limited to a temperature below 277 K, which includes 80%
of the snowfall events retrieved by the CAPTIVATE algorithm. Besides the CAPTIVATE
microphysics profiles, some environmental model derived variables, used as inputs in
the TESSEM emissivity model and in the RTM, were included in the dataset. In addition,
the corresponding CPR 94 GHz TBs associated with each profile and used as reference
(referred to as “observed TBs”) were also included. The dataset characteristics and the list
of variables included are summarized in Tables 2 and 3. Also, the whole set of AWS-MWR
channels has been simulated.
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Table 2. Key AWS-CloudSat Cloud Radiation dataset characteristics.

Period 1 January 2007-7 January 2007
Background Surface Open Water
Temperature Range <277 K
Number Profiles 1.6 x 10°
Number of Snowfall Profiles 6.8 x 10*
Number of snowfall profiles with SLW 5.1 x 10*

Table 3. Key AWS-CloudSat Cloud Radiation dataset variables.

Variables in the Dataset Data Source
Ice Water Content (IWC) CAPTIVATE output
Rain Water Content (RWC) CAPTIVATE output
Liquid Water Content (LWC) CAPTIVATE output
Total Precipitable Water (TPW) ECMWE-AUX
Skin Temperature (Tgy) ECMWE-AUX
2 m Temperature (Tpy,) ECMWE-AUX
Surface Pressure (Pgy.f) ECMWE-AUX
Wind Surface Speed ECMWE-AUX
Sea Salinity ECMWE-AUX
Temperature Profile ECMWE-AUX
Relative Humidity Profile ECMWE-AUX
Specific Humidity Profile ECMWE-AUX
Pressure Profile ECMWE-AUX
CloudSat TB 94 GHz 2B-94TB product

2.5. Microwave Radiometers

In addition to the CPR 2B-TB94 product, we have compared the RTM simulations with
PMW measurements from existing radiometers nearly coincident with CloudSat/CALIPSO
observations for specific case studies. The purpose is to analyze the measured multi-
channel TB signal in presence the of snowfall [27], to verify how they compare with the
CloudSat/CALIPSO based RTM model simulations, and to assess the impact of different
assumptions on the single scattering model and of SLW layers in the cloud. In particular,
TBs observed by the cross-track scanning radiometers Atmospheric Measurement Sounding
Unit-A (AMSU-A) and Microwave Humidity Sounder (MHS) are used. The MHS has five
channels which cover the frequency range between 89 GHz and 190 GHz, with a 16 km
instantaneous field of view (IFOV) at nadir, while AMSU-A is a 15-channel radiometer
which covers the frequency range between 23 GHz and 89 GHz, with a 48 km IFOV at nadir.
These radiometers, available on board the NOAA-18 and the MetOp-A satellites in the year
2007, were chosen for the comparison because they are cross-track scanning radiometers,
like MWR, and they have several channels in common with the MWR onboard AWS, except
for the four 325.15 GHz channels. For the comparison between the simulated TBs (based
on CPR profiles) and the measured AMSU-A/MHS TBs, the radiometer viewing angle
corresponding to each CPR pixel along the CloudSat track intersecting the radiometer
swath was taken into account in the RTM simulations (see also Ref. [54]). Moreover, the
effect of the different spatial resolution between the CPR and radiometer observations and
the time lag between the observations has to be taken into account to correctly compare
the observations.

2.6. Arctic Weather Satellite—Microwave Radiometer

The ESA prototype Arctic Weather Satellite (AWS) mission was launched on 16 Au-
gust 2024. The AWS Microwave Radiometer (MWR) is a 19-channel cross-track scanning
radiometer consisting of a rotating antenna focusing the incoming radiation onto four
feedhorns (one for each group of channels) and four receivers, covering the frequency
range 50-325 GHz (see Table 4). The most innovative aspect of the AWS-MWR with respect
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to previous radiometers is the availability of 4 channels in the water vapor absorption
band at 325.15 GHz. Each of these channels was designed to be coupled with the corre-
sponding channel in the water vapor absorption band at 183.31 GHz having a weighting
function peaking at the same height (see Figure 1). For these two groups of channels in
the 325.15 GHz and 183.31 GHz bands, the scattering effects due to the presence of falling
snow and cloud ice is expected to be very different, although for “coupled channels” the
effect due to water vapor absorption is expected to be very similar.

Table 4. Key AWS-MWR characteristics.

Central Frequency Bandwidth . - e
No (GHz) (MHz) NEAT (K) Footprint (km) Polarization Utilization
1 50.3 180 <0.6 <40 Qv Temperature Sounding
2 52.8 400 <04 <40 Qv Temperature Sounding
3 53.246 300 <0.4 <40 Qv Temperature Sounding
4 53.596 370 <0.4 <40 Qv Temperature Sounding
5 54.4 400 <0.4 <40 Qv Temperature Sounding
6 54.94 400 <0.4 <40 Qv Temperature Sounding
7 55.5 330 <0.5 <40 Qv Temperature Sounding
8 57.290344 330 <0.6 <40 Qv Temperature Sounding
9 89 4000 <0.3 <20 Qv Window and Cloud Detection
10 165 2800 <0.6 <10 Qv Window /Humidity Sounding
11 176.311 2000 <0.7 <10 Qv Humidity Sounding
12 178.311 2000 <0.7 <10 Qv Humidity Sounding
13 180.311 1000 <1 <10 Qv Humidity Sounding
14 181.311 1000 <1 <10 Qv Humidity Sounding
15 182.311 500 <13 <10 Qv Humidity Sounding
Humidity Sounding/
16 32515+1.2 800 <17 <10 Qv Cloud Detection
Humidity Sounding/
17 32515 +24 1200 <14 <10 Qv Cloud Detection
Humidity Sounding/
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Figure 1. Clear-sky weighting functions for AWS-MWR 183 and 325 GHz channels for the subarctic-
winter standard atmosphere [80].
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2.7. Methodology

Several case studies of snowfall events were analyzed; one of them, which consists
of an intense snowfall event over the Atlantic Ocean, is reported in Section 3.2. The
simulated TBs were compared both with the CloudSat TBs and with other nearly-coincident
PMW radiometer observations to highlight and interpret the discrepancies between the
modeled and measured TBs. In particular, their sensitivity to the scattering models used
in the RTM simulations and to the occurrence or lack of SLW layers in the CAPTIVATE
profiles was analyzed. Due to the missed detection of SLW layers embedded in the cloud
from CPR/CALIOP measurements, some scenarios were obtained by adding SLW layers
embedded in the cloud. Different RTM simulations based on different assumptions on
the SLW layer (namely; its altitude and its optical depth) were carried out to analyze the
simulated multi-channel TB sensitivity to the SLW layer characteristics and to infer the
most likely scenarios when compared to the measured TBs. Finally, the multi-channel
AWS-MWR TBs were simulated for these scenarios in order to analyze the instrument
capabilities to detect the presence of SLW layers embedded in the cloud, and to ultimately
retrieve the SLW properties in snowfall conditions.

3. Results
3.1. Analysis of the Cloud Radiation Dataset

First of all, an analysis over clear-sky observations, obtained by applying the radiative
transfer model described in Section 2.3, was carried out. A mean constant bias of —4.33 K
between the simulated TBs and the 94 GHz CloudSat TB in clear-sky was found in the
dataset. Therefore, a bias correction of —4.33 K was applied to the simulated TBs at
94 GHz in the whole dataset. Therefore, a comparison between the 94 GHz simulated TB
and the 2B-TB94 product was carried out over the CPR observational dataset (similarly
to Battaglia and Panegrossi, 2020 [13]). This type of analysis is very useful because the
combined information of perfectly co-located 2B-94TB and CAPTIVATE retrievals from
which simulated TBs are derived is fundamental to analyze the cloud ice/snow scattering
contribution with respect to the SLW layers emission contribution.

Each panel in Figure 2 shows the differences between the mean 2B-94TB (TBps)
computed for different integrated ice water content (ice water path—IWP) bins and the
corresponding mean simulated clear-sky TBs (TB¢s) (magenta dashed line) with the cor-
responding standard deviation (magenta shaded area). The plots were obtained either
from the whole dataset (Figure 2a), or only the profiles where CAPTIVATE retrieves SLW
(Figure 2b), or only the profiles where CAPTIVATE does not detect SLW (Figure 2c). Each
panel also shows the differences between the mean simulated TBs obtained from the same
profiles using the 6 different R-G models (TBgi ) listed in Table 1 and the corresponding
clear-sky TB (TBs) (continuous lines). From Figure 2a, it is possible to observe that TBps is
always higher than the simulated TB in clear-sky conditions (ATBgps.cs > 0 K), while TBgjp,
becomes lower than the clear-sky conditions (ATBgjm-cs < 0 K) for different IWP thresholds
which depends on the R-G model used in the simulations. It is evident that as the IWP
increases, the cooling effect on TBgjy, due to the scattering by the cloud ice and snowfall
increases, but the behavior strongly depends on the R-G model used. Leinonen AQ is the
model where the scattering effect is the weakest, and seems to match more closely the
observations, while leinonen C is the model where the scattering effect is the strongest,
deviating very significantly from the observations.

In Figure 2b,c, the differences between simulated and observed TBs become even
larger for observations where CAPTIVATE does not detect SLW, while a better agreement
is achieved where CAPTIVATE detects SLW (and therefore the retrieved LWC is included
in the RTM simulations), except for high IWP values. The combination of these results
can be possibly explained by the missed detection by CPR/CALIOP of SLW layers in the
cloud described in Sections 1 and 2. The RTM simulations of the TBg;,, derived from the
CAPTIVATE profiles, cannot capture the emission effect of the not-detected SLW layers.
Therefore, in our simulations which are based on the CAPTIVATE retrievals, the scattering
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effect dominates, especially in profiles where CAPTIVATE does not retrieve the presence of
SLW, leading to TB cooling (on average) with respect to the clear-sky signal. This behavior
does not find correspondence in the observed TBs (2B-94TB). Figure 2 evidences that the
problem is independent of the R-G model used in the simulations.

(a) Full Dataset
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1 1 1 | |
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Figure 2. Differences between 2B-94TB TBs and clear-sky simulated TBs (dashed magenta line)
and between simulated TBs obtained by using several R-G models and clear-sky simulated TBs
(continuous lines) for the whole dataset (a), for observations where CAPTIVATE detects SLW (b), and
for observations where CAPTIVATE does not detect SLW (c). The shaded magenta area represents
the standard deviation of the differences between 2B-94TB (dashed magenta line) and the clear-
sky simulated TBs within each IWP bin. The plotted point for IWC = 0 kg m~2 represents clear-
sky conditions.

The hypothesis that the differences between simulated TBs and the 2B-94TB product
are due to missed detection of SLW layers is also supported by the results in Figure 3,
where the observations where CAPTIVATE does not detect SLW (the same as in Figure 2c)
are reported in an IWP-ATBgjy, obs plane. In Figure 3a, the number of snowfall observation
occurrences is reported, while in Figure 3b, the mean differences between the observed
TBs and the simulated TBs in clear-sky conditions (ATBg,s ) calculated for each bin are
reported. This difference indicates the presence of a dominant emission effect from the
cloud system when its values are positive (TBgps > TBcs), and a dominant scattering effect
when its values are negative (TBgps < TBcs). TBgim, are computed using the leinonen A0
R-G scattering model, which shows the least pronounced scattering effect compared to the
other models reported in Figure 2. It is worth noting that the mean ATBg;, ops Values (black
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line) are always negative. This is due to the fact that, when the CAPTIVATE algorithm does
not detect SLW, TBgpy, is generally lower than TBps, even if the R-G model with the lighter
scattering effect is considered. Moreover, the lower (negative) ATBgim-obs Values match with
the bins where the most evident emission effect is found in the observations (ATBgps.cs > 0 K,
red bins); the few bins where the observations show TB cooling with respect to the clear
sky, indicating the predominance of the scattering effect (ATB,p,s.s < 0 K, blue bins), match
with positive (or nearly 0 K) ATBgjn-obs Values. This observed correlation between the
most pronounced emission effect and the bins where the ATBgjy,.ops are negative, and the
absence of an emission effect—or even the presence of a light scattering effect—in bins
where ATBg;, ops are nearly 0 K or positive, is consistent with the hypothesis that the
discrepancies between observations and simulations are due to the missed detection of
SLW by the CAPTIVATE algorithm.
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Figure 3. 2D histogram of the occurrences (a) and of the mean ATB,¢ cg (b) in an IWP/ATBgim_obs
plane (R-G model: Leinonen AQ) for observations where SLW is not detected by the CAPTIVATE
algorithm. Bins are characterized by 0.25 kg m~2 and 4 K intervals. The continuous black line
represents the mean value for the same IWP bins of Figure 2.

The current hypothesis is also supported by the analysis of observations where SLW is
detected by the CAPTIVATE algorithm. Figure 4 shows the mean difference between the
simulated TBs at 94 GHz and the 2B-94TB product TBs (ATBgim-obs) as a function of IWP
and for different values of SLW path (SLWPDP, as derived from the CAPTIVATE profiles in
the AWS-CloudSat cloud radiation dataset). The SLWP is the vertically integrated LWC
retrieved by CAPTIVATE above the freezing level height. It is possible to observe that the
differences are negative for snowfall observations without SLW layers (cyan curve, the
same shown in Figure 3), are close to 0 for values between 0.1 kg m~2 and 0.2 kg m~2 and
are positive for values higher than 0.3 kg m~2. It is possible to assume that the negative
differences (TBgim < TBops) are due to the missed detection of SLW layers if embedded in
the clouds, while the positive differences (TBgjy > TBops) are due to a SLWP overestimation
by the CAPTIVATE algorithm which mostly retrieves SLW layer near the cloud top.
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Figure 4. Comparison of ATBgjy obs (R-G model: Leinonen A0) as a function of IWP (same bins of
Figure 2) for different bins of SLWP.

3.2. Analysis of the Case Study

The analysis shown in Section 3.1 of the snowfall dataset is limited to the comparison
between simulations and observations at 94 GHz. Here, a case study for which nearly coin-
cident measurements by CloudSat/CALIPSO and by multi-channel cross-track scanning
passive MW radiometers are available is analyzed in detail. The goal is to show how the
simulated TBs (TBgjy,) derived from the CAPTIVATE SLW and ice/snow profiles compare
with the measured TBs (TBys) at different frequencies close to some of the AWS-MWR
channels, and to investigate how different scenarios of distributions and amounts of SLW,
embedded in the cloud, might affect the simulated TBs.

The case study refers to an intense snowfall event that occurred over the North
Atlantic near the island of Newfoundland on 1 January 2007. CPR overpassed the event
between 05:32:07 UTC and 05:37:27 UTC; the temporally closest radiometer observations
are those obtained by the AMSU-A and MHS onboard NOAA-18 (between 5:11:03 UTC
and 05:16:34 UTC, with a time difference of 21 min). MHS observed the event within a
viewing angle between 22° and 20°, AMSU-A observed the event with a viewing angle
between 28° and 20°, and TBs are simulated considering the corresponding viewing angle.
It is worth noting that each CPR profile is associated with the nearest radiometer footprint
by applying a k-nearest neighbor algorithm which considers the coordinates of the CPR
tracks and those of the center of the MW radiometer pixels; therefore, the obtained TBgjn,
obtained from the CPR profiles associated to the same AMSU-A or MHS pixel have been
averaged to match the PMW footprint.

Figure 5 shows the TB imagery of the MHS channel at 190.31 GHz (a) and the AMSU-A
channel at 50.3 GHz (b). The CloudSat track is shown in red on both images. An extensive
cyclonic system over ice-free ocean, characterized by a widespread frontal snowfall event,
is clearly visible in both images, as an area of TB cooling at 190.31 GHz, due to the dominant
effect of the scattering by cloud ice and snow at this frequency, and an area of TB warming
at 50.3 GHz, likely due to the emission by liquid water. The CPR captures the western side
of the deep frontal system.
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Figure 5. Case study off Newfoundland: MHS 190.31 GHz TBs (a) and AMSU-A 50.3 GHz TBs (b)
onboard NOAA-18 (orbit number: 8329, descending mode). CloudSat track (CloudSat orbit number:
3609) is reported in red.

In Figure 6, the imagery of CPR reflectivity (a), CAPTIVATE IWC (b), and LWC (c)
are shown, and the corresponding IWP and liquid water path (LWP) along the CloudSat
track (d) and the TPW and Ty, obtained from ECMWE-AUX product (e) are also reported.
The event shows an intense snowfall region with distinct deep convection features, and a
large anvil extending to the north. The deepest cloud between 43°N and 48°N shows the
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highest radar reflectivity around 10-15 dBz, cloud top height around 8 km, and IWP values
reaching 6 kg m~2. The peak IWP values are associated with particularly high IWC located
above 5-6 km. Shallow snowfall structures also appear as a distinctive separate cloud
structure north of about 52°N, although embedded shallow convective structures are also
evident in the lowest ~1 km (e.g., at 54°N). In the southern part, it is very likely that there
was a transition to mixed-phase or liquid precipitation (Tpy, > 277 K and TPW > 10 mm). It
is worth noting that the CAPTIVATE algorithm identified the presence of SLW (magenta
layers in the top panel) only in presence of the shallower cloud systems in the northern part
and in the southern part of the event (lat < 42°N), while it does not identify the presence of
SLW layers in the deep and intense snowfall event (42°N < lat < 52°N). The LWP is highly
variable along the track, with values mostly below 1 kg m~2.
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Figure 6. Case study off Newfoundland: Height-latitude imagery of CloudSat CPR reflectivity (a),
CAPTIVATE Ice Water Content (b), Liquid Water Content (c). Retrieved IWP (blue curve) and LWP
(red curve) are shown in (d). () ECMWEF TPW and Ty, values. In (a), magenta dots represent CPR
bins where SLW is detected by CAPTIVATE algorithm. In (a—c), freezing level (273 K isotherm, red
line) and —40 °C isotherm (233 K isotherm, blue line) are also shown.
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3.2.1. Comparison of Multi-Channel Simulated and Measured Brightness Temperatures

The comparison between the CPR 2B-94TB product and MHS measured TBs (TBps)
with the simulated TBs (TBsjy,) obtained by applying several R-G models is illustrated
in Figures 7 and 8. In Figure 7, the TBgj, is shown for six different R-G models, along
with the corresponding clear-sky simulated TB (TB.s—green dotted line) and the 2B-94TB
product TB,s (magenta dashed line). It is worth noting that all simulated TBs show a clear
TB cooling with respect to the clear-sky values in the most intense part of the snowfall
event (42°N < lat < 48°N, see Figure 6), although with different intensity depending on
the R-G model used (from —5 K for leinonen A0 model to —40 K for leinonen C0O model).
This behavior is in contrast with the observations (TB,s) which are quite similar to the
simulated clear-sky TBs in this region (likely because the emission effect by embedded
SLW water balances the scattering effect due to cloud ice/snow). On the other hand, an
increase of the TB,p,s with respect to the clear-sky conditions (up to +20 K) is present in
the cloud anvil (48°N < lat < 52°N, see Figure 6d). This behavior is not reproduced by
any of the RTM model simulations. A good agreement can be observed between TBgjn,
(regardless of the R-G model used) and TBs, for the shallow cloud system north of
52°N (see Figure 6a), where CAPTIVATE detects a layer of SLW on top of very shallow
clouds. In this region both TBgy, and TB,y,s increase with respect to the clear-sky conditions,
although the increase is generally higher for the TBgj,. South of 43°N, in moister and
warmer environmental conditions (see Figure 6), the TBgj, oscillates with an intensity
modulated by the partitioning between the IWP and the LWP (e.g., TBgjy, warming is
observed only in correspondence of the peaks of the LWP, while a TBg;,, cooling is observed
in correspondence of a peak of IWP and of a low value of LWP).
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Figure 7. Case study off Newfoundland: Comparison between TBg;,,, at 94 GHz obtained by using
six different R-G models (as indicated in the legend), 2B-94TB product (TB,},s, magenta line), and
clear-sky simulated TBs (TBcg, green dotted line). See Figure 6 for CPR reflectivity, SLW position,
and IWP/LWP values.

Figure 8 shows the comparison between the MHS measured TBs at 89 GHz V (a),
157 GHz V (b), and the 190 GHz V (c) and the corresponding simulated TBs obtained by
applying the same six different R-G scattering models used for Figure 7. The comparison
at 89 GHz shows a similar pattern to that identified at 94 GHz in Figure 7. Also, the
MHS 89 GHz shows a TB warming (up to 15 K with respect to the clear-sky conditions) in
correspondence of the cloud anvil and almost no cooling in correspondence of the deeper
part of the cloud, while a TB cooling can be observed for the simulated signal (from —10 K
to —50 K depending on the scattering model used). The differences derive from the different
resolutions, the different time of overpass and the difference of frequency, although small;
e.g., the TB warming in the shallow clouds system in the northern sector (north of 52°N)
is less evident than in Figure 7 because of the finer spatial resolution of the CPR product
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with respect to the MHS radiometer. For the 157 GHz channel, both simulations and
observations show a significant TB cooling (with respect to the clear-sky conditions) in the
most intense part of the snowfall event (42°N < lat < 48°N); however, the TB cooling is
much larger for TBgjy, (dropping by —70 K for the leinonen BO p2 model) than for the TB,g
(max TB depression —25 K), with the only exception of the leinonen A0 and koln-2017
models. Even at this frequency it is possible to observe an increase of the MHS TBs in the
cloud anvil (48°N < lat < 52°N, up to +10 K with respect to the clear-sky conditions), which
is not reproduced by any of the R-G simulations. For the 190 GHz channel, both the TBgj,
and the MHS TBs show a significant cooling in the most intense part of the snowfall
event (42°N < lat < 48°N). The TBg, cooling effect varies among the different models: the
leinonen A0 and koln-2017 models underestimate the cooling effect observed in the MHS
TBs (max TB depression —15 K and —10 K, respectively) while leinonen B0 p2 tends to
overestimate this effect (max TB depression —35 K). Leinonen B0 p1, leinonen C, and the
captivate models are in good agreement with the observed MHS TBs. For this channel,
the increase of the MHS TBs in the cloud anvil (48°N < lat < 52°N) is not observed. The
absence of an emission signal is also visible in the MHS 190.31 GHz TB imagery (Figure 5a),
along the CloudSat track.
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Figure 8. Case study off Newfoundland: Comparison between the TBgj,, obtained by using six
different R-G models (indicated in the legend) and MHS TB,, at 89 GHz (a), 157 GHz (b), and
190 GHz (c). The magenta dashed line represents the MHS measured TBs (TB,}s), while the green
dotted line represents the clear-sky TBs (TBcg). See Figure 6 for CPR reflectivity, SLW position, and
IWP/LWP values.

The different behavior between the TBg;,, and the TB,s in the cloud anvil and in the
deepest part of the cloud, which is particularly evident for the 89 and 94 GHz channels,
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can be attributed to the presence of a SLW layer embedded in the cloud which has not
been retrieved by the CAPTIVATE algorithm. The emission from the cloud liquid droplets
present in the SLW layers would tend to increase the TBs corresponding to the cloud
anvil and would tend to mask (or attenuate) the TB cooling due to the scattering by cloud
ice (snowflakes) in the deeper part of the cloud. To prove this, new simulations were
performed by adding a 1 km SLW layer to the CAPTIVATE retrievals. The analysis has been
conducted first by varying the LWP (three different values are considered, 0.125, 0.18, and
0.25 kg m ~2) at a fixed location around 4 km above sea level (which roughly corresponds
to the 253 K isotherm), and then varying the layer height (between 2 and 6 km above sea
level, i.e., between 243 K and 263 K isotherm) fixing the LWP at 0.18 kg m~2. Also, the
sensitivity to layer thickness was evaluated by varying this parameter while fixing the
layer height and LWP. However, no significant sensitivity to this parameter was observed.
It is worth noting that these are idealized scenarios, aimed at evaluating the sensitivity of
the simulated TBs to the presence of SLW layers and not at obtaining a perfect coincidence
between the simulated and the observed TBs. Certainly, a more realistic scenario would be
more likely represented by a combination of SLW layers at different heights with different
LWC. The leinonen B p2 R-G scattering model has been used in the simulations in order to
obtain a satisfactory agreement with observations at high-frequency channels (especially
for MHS 190.31 GHz channels). The models which show lighter scattering effects, such as
leinonen A0 and koln-2017, underestimate the cooling effect in the deeper portion of the
cloud at 190.31 GHz, even without the addition of a SLW layer.

A strong influence of the variation of the LWP values on the TB increase with respect
to the simulation with no SLW is observed (Figure 9a). In particular, a strong TB increase
can be observed in the cloud anvil (from +10 to +20 K with respect to the TBg;,, with no
SLW) and a good agreement between the simulated TBs and the 2B-94TB product mean
values is obtained in the cloud anvil with a SLW layer that produces a LWP = 0.18 kg m 2.
Concerning the deeper part of the cloud, the three simulations with different LWP values
show higher TBs (by 20-35 K) than the TBg, without SLW, and they get closer to the
2B-94TB product values as the LWP increases. The panels in the right column show a
significant increase of the TBs by adding the SLW layer, which approaches the 2B-94TB in
both the anvil region and in the deep cloud region as the layer height decreases; a scattering
signal (TB cooling with respect to the clear sky) is observed for all three scenarios in the
deeper part of the cloud, although it is strongly attenuated with respect to the scenario
with no SLW (blue curve).

The same two experiments were carried out by considering the same MHS channels
(89 GHz V, 157 GHz V, and 190 GHz V) shown in Figure 8. Figure 10 shows the comparison
between the MHS TB,s and the relative TBg;, obtained by varying the LWP (a, ¢, and e,
where the layer height is at 4 km above sea level) and the SLW layer height (b, d, and f,
where the layer LWP is equal to 0.18 kg m~2).

From Figure 10a,b, where the 89 GHz V channel TBs is shown, it is possible to observe a
marked emission signal generated by the presence of the SLW layer resulting in a significant
increase of the simulated TBs (10-18 K in the cloud anvil, 20-35 K in the deeper part of the
cloud) with respect to the TBgjy, obtained without the added SLW layer. The variation of
the LWP values has a strong impact on the simulated TBs (Figure 10a). A good agreement
between the simulated and the MHS TBs mean values is obtained in the cloud anvil for
LWP = 0.18 kg m ~2. Concerning the layer height (Figure 10b), a different impact is evident
between the 2 km layer height simulation and the other two layer height simulations, which
exhibit a more similar behavior. This behavior shows some similarities with the results at
94 GHz shown in Figure 8; the differences are due to the different spatial resolution and
the different viewing angles of MHS and CPR. Concerning the deeper part of the cloud,
the five simulations with different LWP values/layer heights show higher TBs than the
simulations without SLW. However, they show a scattering signal that is not present in the
MHS TBs.
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Figure 9. Case Study off Newfoundland: Comparison between the TBg;j;,, (R-G model: Leinonen B p2)
obtained by adding a SLW layer to the CAPTIVATE scene in correspondence to the 253 K isotherm
(a) and a SLW layer for a total LWP = 0.18 kg m~2 (b) and 2B-94TB product TB,s. Three different
LWP values (0.125, 0.18, and 0.25 kg m~2) (a) and SLW layer heights (2 km, 4 km—which roughly
corresponds to the 253 K isotherm—and 6 km—which roughly corresponds to the 243 K isotherm)
(b) are considered. The magenta dashed line corresponds to the CPR 2B-94TB product, while the
green dotted line corresponds to the clear-sky TBs (TBcs) In (c,d), the CloudSat CPR reflectivity
imagery is shown—the magenta stripe (c) and the colored stripe (d) represent the 1 km SLW layers
representing the different scenarios. In (e,f) the CAPTIVATE-retrieved IWP along the CPR track and
the assumed values for the LWP are also shown.

Concerning the 157 GHz channel, the sensitivity of the TBgjy, to the SLW layer is still
significant (5-10 K for the anvil, from 25-45 K for the deeper part of the cloud with respect
to the TBgjn, without the added SLW layer). However, the impact appears to be lower than
at 89 GHz because of the larger TB depression due to the scattering by the cloud ice at this
frequency. As a result, an evident scattering effect (TB cooling) is visible in the deeper part
of the cloud while the TB warming is weaker, although still visible, in the cloud anvil. The
influence of different LWP values (Figure 10c) on the TB increase is lower than at 89 GHz,
while the differences between the TBg;, obtained for different layer heights (Figure 10d) are
larger than at 89 GHz. As the frequency increases, the water vapor emission increases the
clear-sky TBs (from 200-220 K at 89 GHz to 260 K at 190 GHz), and affects the weighting
functions. The impact of the SLW layer on increasing the TBs is visible only if the SLW
layer is above the peak of the weighting function.



Remote Sens. 2024, 16, 4164 19 of 30
SLW Layer Height = 4 km SLW Layer LWP = 0.18 kg m™2
(a) 89 GHz V (b) 89 GHz V
240 ; ; ; ; 240 : ‘
220
S .
< 200
@
180 |
160 160
(c) 157 GHz V (d) 157 GHz V
260 T T T ——0.125 kg m~2 T T —2km
240
R 0.18 kg m~2 4 km
g 220 _2 6 km
P 0.25 kg m
200 1
—No SLW
—No SLW
180
——-MHS === MHS
160 Clear Sk
Clear Sk ear Sky
(e) 190 GHz V Y (f) 190 GHz V
270 ‘ : 270 ‘ ‘
260 Mo s
250
g
o 240+
@
230+
220
210 : : : : : : : : :
52 50 48 46 44 52 50 48 46 44
latitude (°) latitude (°)

Figure 10. Case Study off Newfoundland: Same as Figure 9, for the MHS 89 GHz (a,b), 157 (¢, d) GHz,
and 190 GHz (e f) channels. See Figure 9 and its caption for CPR reflectivity, SLW layers height, and
IWP/LWP values, and for the description of the two experiments.

Concerning the 190 GHz V channels the sensitivity to the SLW layer is even lower, and
the effect with respect to the simulation without the SLW layer (blue line) is evident only in
the deeper part of the cloud as an attenuation of the snow/cloud ice scattering signal. The
differences between the TBg;y, for different LWP values (Figure 10e) are not very significant;
the SLW layer at 2 km height (Figure 10f) shows almost no influence (the curve almost
overlaps with the blue curve with no SLW), while for the two scenarios with the SLW layers
at higher elevation, the emission effect is clearly visible (a ~ +10 K TB warming is visible
with respect the TBg;, without added SLW) and tends to mask the scattering signal in the
region of the deeper cloud. This results in TBs that closely match the MHS measurements. It
is worth noting that channel frequencies close to those shown in Figure 10 will be available
on AWS-MWR (i.e., 89, 165.5, and 176.31 GHz), and a very similar behavior and sensitivity
to the SLW is observed for the AWS-MWR for these channels.

A comparison with the AMSU-A observations, which shares several channels in the
50-60 GHz oxygen absorption band with the AWS-MWR, was also carried out. In Figure 11,
a comparison between the AMSU-A TB,; and the relative TBg;, obtained by varying the
LWP (a, ¢, and e, where the layer height is 4 km above sea level) and the SLW layer height
(b, d, and f, where the layer LWP is equal to 0.18 kg m~?) for three channels in the oxygen
absorption band is reported. The top panels, where the 50.3 GHz V channel TBs are shown,
show a strong emission signal generated by the presence of the SLW layer. The TB increase
(from +4 to +8 K) is highly correlated with the LWP variation (Figure 11a). Concerning
the influence of the layer elevation (Figure 11b), the bottom layer is associated with the
larger TB increase, while the two higher layers have similar impact on the TBs. At 52.8 GHz
there is much lower sensitivity to the presence of SLW; there is almost no sensitivity to
the different LWP values (Figure 11c), while there is a slightly larger impact of the layer
position on the simulated TBs (Figure 11d). At 53.6 GHz (Figure 11e,f) there is almost
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no sensitivity to the presence of SLW. This change in sensitivity to the SLW is due to the
increase in height of the weighting function peak as we move towards the center of the
50-60 GHz absorption band (probably at 53.6 GHz the weighting function peaks above
the SLW layers). Similar channels with the same central frequencies are also available on
AWS-MWR, thus the same sensitivity to SLW is expected for these channels.

2
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Figure 11. Case Study off Newfoundland: Same as Figure 10, for the AMSU-A 50.3 GHz (a,b),
52.8 GHz (c,d), and 53.6 GHz (e,f) channels. See Figure 9 and its caption for CPR reflectivity, SLW
layers height, and IWP /LWP values, and for the description of the two experiments.

This sensitivity analysis shows that there is a strong influence of the SLW layer on the
TB signal for the analyzed case study, both in presence of shallow, weak snowfall, and for
deep intense snowfall, especially for the channels between 89 and 165 GHz (at 190 GHz only
when the SLW layer is at higher levels); the emission effect generated by a small amount of
supercooled water (<0.2 kg m~2) can also totally mask the scattering effect generated by
the snowflakes. The liquid water amount shows a strong effect on the frequency channels
below 90 GHz, while the high-frequency channels are more influenced by the SLW layer
position. It is worth noting that the effect of the SLW layers on the measured TB for this case
study is influenced by the environmental conditions (mostly the low moisture conditions,
with TPW mostly below 6 mm). In such conditions, the effect of the SLW layers can be
visible also at higher frequencies, as far as the weighting function of a given channel peaks
below the SLW layer.

3.2.2. Added Value of the AWS-MWR 325.15 GHz Channels

One of the innovative aspects of the AWS mission is the availability of the sub-mm
channels in the 325.15 GHz water vapor absorption band. These channels are expected
to have strong sensitivity to the cloud ice. However, the effect of SLW on these channels
needs to be investigated to determine to what extent they, together with their coupled
channels in the 183.31 GHz absorption band (see Section 2.3), can contribute to improved
snow retrieval in the presence of SLW.
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The same configurations described above were used to simulate the AWS-MWR
channels. The TBs have been simulated only at nadir, and they were obtained using the
Leinonen B p2 R-G scattering model. The high-frequency channel footprint size of 10 km
(see Table 4) was considered; therefore, eight TBg;jy,, obtained from CPR profiles have been
averaged to roughly reproduce the nominal MWR footprint resolution.

Figure 12 shows the simulated TBs computed at nadir for three of the four chan-
nels in the 325.15 GHz water vapor absorption band (325.15 £ 6.6, 325.15 £ 4.1, and
32515+ 1.2GHz, in b, d, and f) and for the corresponding coupled channels in the
183.31 GHz band (178.31, 181.31, and 182.31 GHz in ¢, e, and g) (as shown previously
in Figure 1). The TBs for the 176.31 GHz channel (Figure 12a) is also shown for comparison
(this channel is expected to have similar behavior to the MHS 190 GHz channel shown
in Figure 10c). The curves in each plot are obtained by varying the position of the SLW
layer and these are compared to the clear-sky TBs and the TBs with no added SWL layer.
Although the weighting functions of each pair of coupled channels in clear-sky conditions
are equivalent (see the “Clear Sky” green dotted line for each row), the TB depression
observed for each channel at 325.15 GHz band is much deeper than that observed for
the corresponding channel at 183.31 GHz. The TB depression (scattering effect) increases
moving from the inner channel (325.15 £ 1.2 GHz) to the outer channel (325.15 + 6.6 GHz)
in the absorption band. For these channels (with weighting function peaking lower in the
atmosphere), a slight influence of the two higher SLW layers is also visible. It is possible to
observe that the TB increase linked to the added SLW layers at 325.15 &+ 6.6 GHz is similar
to that at 176.31 GHz (~+10 K) and higher than the corresponding coupled channel at
178.31 GHz (=+6 K). However, by comparing the TB depression due to the snow/ice scat-
tering, which is much higher at 325.15 £ 6.6 GHz (~—40 K, max —50 K) than at 176.31 GHz
(~max —40 K) or at 178.31 GHz (max —20 K), it is evident that the SLW influence has a
limited impact in masking the snowfall signal at 325.15 GHz. A similar analysis can be
done for the coupled channels in the third row, where the impact of the SLW water layer
is even more limited. Concerning the innermost channels (Figure 12f,g) the presence of
the SLW layer does not show any influence. Also for these channels, the TB depression is
much more evident for the 325.15 GHz channels than for the corresponding 183.31 GHz
channel. It is worth noting that the 325.15 £ 6.6 and the 325.15 &+ 4.1 GHz TBg;,,, also show
a significant TB dip in the cloud anvil, demonstrating the high sensitivity to very low IWC
values (see Figure 8). The innermost channel at 325.15 GHz (fourth row) also shows a high
sensitivity to the IWC found at a higher altitude (at 47 °N, see Figure 6). It is possible
to observe that the TB decrease due to the scattering from ice is much larger than the TB
increase due the emission from the SLW layers. Moreover, while the TB increase due to
the emission in the coupled channels is quite similar in terms of absolute values, the TB
decrease due to the scattering is much larger at 325.15 GHz than at 183.31 GHz. Therefore,
the differences between the coupled channels can be a very useful tool to investigate the ice
signal independently from the presence of SLW layers.
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Figure 12. Case Study off Newfoundland: MWR TBs for three 325.15 GHz channels (b,d,f) and
corresponding coupled channels at 183.31 GHz (c,e,g). TBs at 176.3 GHz are also shown (a). TBs
were obtained with the R-G model leinonen B p2 and by adding a SLW layer to the CAPTIVATE-
retrieved scene for a total LWP = 0.18 kg m~2. Three different SLW layers at 2 km, 4 km—which
roughly corresponds to the 253 K isotherm—and 6 km—which roughly corresponds to the 243 K
isotherm—are considered. See Figure 9d for CPR reflectivity and SLW layers height, and Figure 9f for
IWP/LWP values.

The sensitivity to the snowflake scattering signal was analyzed also by considering
other R-G models. The analysis was carried out without adding the SLW layer to the scene
because of its low impact on the TBs at these frequencies. In Figure 13, a comparison
between simulated signals obtained by applying several R-G scattering models is reported
for three channels of the 325.15 GHz water vapor absorption band. All simulations show a
sensitivity to the presence of ice in the atmosphere, while the emission signal produced
by the CAPTIVATE SLW is almost absent; in particular, in the shallow cloud system in
the northern part of the event. The TB decrease due to scattering is less intense from the
external to the internal channels; however, it is worth noting that the TBg;,, obtained by
applying two R-G models (koln-2017 and leinonen C) are very different from the others,
showing no scattering effect also in the deeper part of the cloud.
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Figure 13. Comparison between the AWS-MWR TBg;, obtained by using several R-G models for
325.15 + 6.6 GHz (a), 325.15 & 4.1 (b), and 325.15 + 1.2 GHz (c) channels. The green dotted line
represents the TBcs. See Figure 7 for CPR reflectivity, SLW position, and IWP/LWP values.

The analysis of the sensitivity to the snowflake scattering signal of the AWS-MWR
325.15 GHz channels was carried out not only for the case study, but also for an extended
simulated dataset based on the same CPR/CALIOP observations of the 94 GHz TB dataset
described in Section 2.6. Figure 14 shows the mean differences between the TBgjy, of
the coupled channels of the two vapor absorption bands as a function of IWP. In clear-
sky conditions, the mean ATB is close to zero for all the R-G models. However, for
IWP >0 kg m~2, the R-G models show different behaviors. The leinonen AQ, leinonen
BO (p1 and p2), and captivate models show positive values that are proportional to the
IWP value, indicating that the scattering effect due to the ice hydrometeors is significantly
stronger in the 325.15 GHz channels than at the corresponding coupled channel in the
183.31 GHz band. For the external channel (325.15 + 6.6 GHz), this effect is visible also for
very low IWP (<1 kg m~2), showing its high sensitivity to very light snowfall. On the other
hand, the koln-2017 and leinonen C models show negative differences, and lack a well-
defined trend in relation to IWP values, similarly to what has been shown in Figure 13. The
combination of the 325.15 GHz TBs and radar-derived snowfall profiles can be exploited
to retrieve information about the snowflake microphysics, which the different scattering
models represent.
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Figure 14. Differences between TBgj, for the coupled channels (see Section 2.6) in the two water
vapor absorption bands obtained using six different R-G models.

4. Summary and Conclusions

The recent advancements in multi-channel passive microwave snowfall retrieval
based on machine learning techniques trained by spaceborne cloud radar/lidar (CloudSat
CPR/CALIOP) observational datasets look very promising. However, the detection of SLW
layers embedded in snowing precipitating systems by combined radar/lidar spaceborne
systems (including those on board the EarthCARE satellite) remains a fundamental ob-
servational gap. Depending on the frequency, the emission signal (TB warming) of SLW
layers can partially or totally mask the snowfall scattering signal (TB cooling). The recent
launch of the AWS, and its possible future operation with the EPS-Sterna constellation
mission, offers new opportunities for snowfall global monitoring thanks to the availability
of the MWR sub-mm channels (325.15 GHz) which are very sensitive to the presence of
ice hydrometeors in the cloud. This study illustrates in detail the challenges in satellite
MW-based monitoring and quantitative estimation of snowfall at higher latitudes linked to
the presence of SLW, and how these challenges might be overcome through the exploitation
of the AWS.

A cloud-radiation dataset built from CloudSat/CALIPSO snowfall observations cou-
pled with a passive MW RTM was used in this study to simulate multi-channel TBs to
be compared with available measurements. Cloud ice and liquid water content profiles
retrieved by CAPTIVATE, a state-of-the-art retrieval algorithm used for the EarthCARE
mission, applied to the suite of A-Train observations were used as input. Six different
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scattering models were considered to try to reproduce the natural variability of the ice
microphysics in snowfall conditions, while different scenarios of embedded SLW layers are
considered to analyze the impact of SLW on the RTM simulations.

First, a closure radiative transfer study was performed between the TBs provided
by the CloudSat passive mode (2B-94TB product) and the simulated TBs at 94 GHz. The
results show large discrepancies in the presence of snow precipitating systems, especially
in presence of deep clouds characterized by high IWP values. While the simulated TBs
show the cooling effect due to the presence of high IWDP, this behavior is not observed in
the 2B-94TB product. This difference can be attributed to the missed detection of SLW,
since if the analysis is limited only to observations where CAPTIVATE detects SLW, and
consequently the SLW emission signal is reproduced by the RTM simulations, the simulated
TBs show similar behavior to the 2B-94TB product.

This hypothesis has been verified by analyzing an oceanic snowfall case study off the
island of Newfoundland, when a nearly coincident overpass by CloudSat/CALIPSO and
the AMSU-A /MHS is available. Here, neither the MHS 89 GHz channel nor the 2B-94TB
show any TB depression in the deeper part of the cloud, where SLW is not detected, while
all simulations obtained with the different scattering models show a marked TB cooling.
By adding a SLW layer embedded in the cloud, a better agreement with the multi-channel
measured TBs is obtained. The comparison with the AMSU-A and MHS measurements
show that the addition a SLW layer improves the agreement between simulated and
observed TBs at low and high frequency. Moreover, a sensitivity study has been carried out
by alternately varying the LWP and the height of the SLW layer embedded in the cloud; this
analysis shows that lower frequency channels (50.3, 89/94 GHz) are very sensitive to LWP
while the higher frequencies (especially between 157 and 165 GHz) are more sensitive to
the SLW layer height. Similar behavior is obtained for the AWS-MWR channels in common
with AMSU-A/MHS.

Finally, the simulation of the newly available AWS-MWR 325.15 GHz channels shows
a much higher sensitivity to snowfall, with a much lower impact of the SLW layers on the
scattering signal.

This study suggests that the AWS-MWR channels have the potential to be used not
only for improving snowfall monitoring at higher latitudes, but also for cloud liquid and
ice microphysics characterization. In particular:

1. The identification of the scattering regime of the ice cloud by exploiting mainly the
new channels in the flanks of the 325.15 GHz line;

2. The detection of SLW layers (even when they are embedded in the cloud), by combin-
ing the use of low- and high-frequency channels;

3. The estimate of the cloud LWP (including the SLW), by exploiting the 50 GHz and
89 GHz channels;

4. The estimate of the SLW layers height by combining observations at 89 and 165.5 GHz
with the five channels in the 183.31 GHz water vapor absorption band.

The availability of both AWS-MWR and EarthCARE observations in the near future
will allow the creation of a PMW and radar/lidar coincidence dataset. This dataset, associ-
ated with the EarthCARE CPR passive mode, will be used to verify the actual AWS-MWR
channels sensitivity to the SLW layers embedded in the cloud (which are not detected by
active measuring systems). A proper verification of a mass estimate or even detection of
these layers is, however, problematic with radar/lidar satellite products, and should be
based on airborne measurements or ground-based remote sensing observations. Several
airborne observation campaigns, such as the 2004 Mixed-Phase Arctic Cloud Experiment
(M-PACE, [81]), the 2018 Southern Ocean Cloud Radiation and Aerosol Transport Experi-
mental Study (SOCRATES, [82]), the Investigation of Microphysics and Precipitation for
Atlantic Coast-Threatening Snowstorms (IMPACTS) Campaign [83], and the airborne cam-
paigns part of the AC3 project [84,85], can be used as references for future studies. The
same dataset will be exploited to develop an ML-based snowfall algorithm for AWS, with
a similar approach to that used for the ATMS snowfall retrieval algorithm, SLALOM-CT
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(see Ref. [54]). Moreover, the synergy between AWS-MWR and EarthCARE missions will
allow the analysis of snowfall phenomena with an unprecedented level of accuracy by
simultaneously characterizing the snowfall intensity, cloud ice scattering properties, and
the SLW layers. Therefore, the development of a snowfall retrieval algorithm, based on
EarthCARE and AWS-MWR combined observations, possibly using the optimal estimation
approach, will be a future development of this study, with possible future applications
for the EPS-Sterna constellation. Finally, the availability of unprecedented high spatial
resolution of CIMR MW measurements at low frequency (about 5 km at 37 GHz) would
certainly offer new insights for the characterization of the complex and variable surface
conditions at high latitudes (sea ice, coastlines, water bodies, snow), which have not been
considered in this study, and could be used as auxiliary information in the AWS-based
precipitation retrievals.
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List of Acronyms

AMSR-E Advanced Microwave Scanning Radiometer for EOS

AMSU-A Atmospheric Measurement Sounding Unit-A

ATLID Atmospheric Lidar

ATMS Advanced Technology Microwave Sounder

AWS Arctic Weather Satellite

CALIOP Cloud-Aerosol Lidar with Orthogonal Polarization

CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
Cloud and precipitation profiles derived from the algorithm developed

CAPTIVATE for the EarthCARE mission

CIMR Copernicus Imaging Microwave Radiometer

CPR Cloud Profiling Radar

DARDAR raDAR/IiDAR

DPR Dual-frequency Precipitation Radar

ECMWF European Centre for Medium Range Forecast

EarthCARE Earth Cloud Aerosol and Radiation Explorer

EPS-Sterna EUMETSAT Polar System Sterna

ESA European Space Agency

EUMETSAT European Organisation for the Exploitation of Meteorological Satellites

GPM Global Precipitation Measurement

GPM-CO Global Precipitation Measurement- Core Observatory

IFOV instantaneous field of view

e Ice Water Content

wp Ice Water Path

JAXA Japan Aerospace eXploration Agency

LEO Low Earth Orbit

LWC Liquid Water Content
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LWP Liquid Water Path

MLMHS Machine LearningMicrowave Humidity Sounder
MSI Multi-Spectral Imager

MW Microwave

MWR Microwave Radiometer

NASA National Aeronautics and Space Administration
NEAT noise equivalent delta temperature

PMW Passive Microwave

PSD particle size distributions

R-G Rayleigh-Gans

RTM radiative transfer model

RWC Rain Water Content

SLALOM Snow retrieval. ALgorithm fOr gMi
SLALOM-CT  Snow retrieval. ALgorithm fOr gpM-Cross Track
SLW Supercooled Liquid Water

SLWP Supercooled Liquid Water Path

Tom 2m Temperature

TB Brightness Temperature

TBcs clear-sky simulated TBs

TBobs observed TBs

TBgim simulated TBs

TPW Total Precipitable Water

WIVERN Wind VElocity Radar Nephoscope
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