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Abstract. The intrinsic small spatial scales and low-
reflectivity structure of oceanic warm precipitating clouds
suggest that millimeter spaceborne radars are best suited to
providing quantitative estimates of cloud and rain liquid wa-
ter paths (LWPs). This assertion is based on their smaller
horizontal footprint; high sensitivities; and a wide dynamic
range of path-integrated attenuations associated with warm-
rain cells across the millimeter wavelength spectrum, with
diverse spectral responses to rain and cloud partitioning.

State-of-the-art single-frequency radar profiling algo-
rithms of warm rain seem to be inadequate because of their
dependence on uncertain assumptions about the rain–cloud
partitioning and because of the rain microphysics. Here,
high-resolution cloud-resolving model simulations for the
Rain in Cumulus over the Ocean field study and a space-
borne forward radar simulator are exploited to assess the po-
tential of existing and future spaceborne radar systems for
quantitative warm-rain microphysical retrievals. Specifically,
the detrimental effects of nonuniform beam filling on esti-
mates of path-integrated attenuation (PIA), the added value
of brightness temperature (TB) derived adopting radiometric
radar modes, and the performances of multifrequency PIA
and/or TB combinations when retrieving liquid water paths
partitioned into cloud (c-LWPs) and rain (r-LWPs) are as-
sessed. Results show that (1) Ka- and W-band TB values

add useful constraints and are effective at lower LWPs than
the same-frequency PIAs; (2) matched-beam combined TB
values and PIAs from single-frequency or multifrequency
radars can significantly narrow down uncertainties in re-
trieved cloud and rain liquid water paths; and (3) the config-
uration including PIAs, TB values and near-surface reflectiv-
ities for the Ka-band–W-band pairs in our synthetic retrieval
can achieve an RMSE of better than 30 % for c-LWPs and
r-LWPs exceeding 100 g m−2.

1 Introduction

Warm rain is precipitation that originates from non-ice-phase
processes usually in clouds whose tops lie below the atmo-
spheric freezing level. Warm rain is the dominant mechanism
for precipitation formation over the tropical oceans outside
the Intertropical Convergence Zone, accounting for slightly
more than 30 % of the total rain amount and 70 % of the total
rain area in the 30◦ S–30◦ N belt (Lau and Wu, 2003). It has
been shown that warm precipitation significantly contributes
to moistening and heating of the lower troposphere through
latent heat release over most of the tropical and subtropical
oceans, thus partially counteracting the low-level cooling in-
duced by stratiform rain (Kodama et al., 2009). In addition,
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it can impact the organization of shallow convection (Savic-
Jovcic and Stevens, 2008; Wang and Feingold, 2009; Yam-
aguchi and Feingold, 2015; Zhou et al., 2017). There is also
evidence that warm rain impacts cloud lifetime (Paluch and
Lenschow, 1991) and even causes changes in cloud regimes;
Stevens et al. (1998) noted that, in the presence of strong
precipitation, shallow stratocumulus clouds tend to dissipate.
Since these direct and indirect mechanisms ultimately affect
the global radiative budget and the hydrological cycle (Taka-
hashi et al., 2017; Testik and Barros, 2007), it is important to
accurately monitor and quantify the oceanic warm-rain vari-
ability and improve its representation in large-scale models
(Stephens, 2005; Dufresne and Bony, 2008).

Global observations of warm rain (Lau and Wu, 2003; Liu
and Zipser, 2009; Berg et al., 2010; Kodama et al., 2009) rely
on spaceborne radar observations (Battaglia et al., 2020a):
the W-band (94 GHz) cloud profiling radar (CPR) operated
from CloudSat (Tanelli et al., 2008) and the Ku–Ka dual-
frequency (13.8 and 35.5 GHz) precipitation radar (DPR) on
board the Global Precipitation Measurement (GPM) mission
core observatory (Skofronick-Jackson et al., 2017) and, be-
fore 2014, on the Ku-band precipitation radar (PR) oper-
ated on the Tropical Rainfall Measuring Mission (TRMM;
Kummerow et al., 1998). A number of studies (e.g., Schu-
macher and Houze, 2003; Berg et al., 2010; Rapp et al.,
2013; Lamer et al., 2020) have suggested that none of these
spaceborne sensors can describe the entire spectrum of pre-
cipitation since, depending on their operational wavelength,
such radars are sensitive to precipitation that is either light
(e.g., CloudSat CPR) or moderate and heavy (e.g., TRMM
PR), and depending on their pulse length they may be of lim-
ited use near the surface (/500–1000 m height) due to sur-
face clutter and low vertical resolution (≥ 250 m).

NASA’s CloudSat CPR offers excellent sensitivity (bet-
ter than −27 dBZ) combined with the smallest footprint
(1.4 km) among existing spaceborne radar missions. Thus,
the CPR measurements are used as a reference for the oc-
currence of light precipitation and drizzle over the oceans
(Stephens et al., 2010; Ellis et al., 2009) assuming that a sen-
sitivity of−15 to−25 dBZ is required to detect drizzle (Kol-
lias et al., 2011).

In Part 1 of our studies (Lamer et al., 2020), we focused
on spaceborne radars’ ability to detect and locate the pres-
ence and boundaries of low-level clouds and precipitation
and determined that surface clutter limits the CloudSat CPR’s
ability to observe true cloud base in ∼ 52 % of the cloudy
columns it detects and true virga base in ∼ 80 %, meaning
the CloudSat CPR often provides an incomplete view of even
the clouds that it does detect. Vertical profiling of such cloud
systems down to the closest few hundred meters to the sur-
face with a vertical resolution of 250 m or less has been
deemed feasible with the next generation of radars, given that
they operate with an interleaved shorter pulse (Kollias et al.,
2007).

The adoption of aforementioned sampling strategies could
lead to a substantial improvement in our ability to map the
vertical structure of warm rain. However, quantitative re-
trievals using single-frequency radar measurements remain
challenging (Lebsock and Su, 2014; Battaglia et al., 2020b).
Retrievals of the profile of liquid water content (Lebsock and
L’Ecuyer, 2011; Leinonen et al., 2016; Awaka et al., 2016)
mainly rely on radar reflectivity profiles. Since reflectivities
are sensitive only to the largest and most reflective particles,
they provide information only on the rain component. When
single-frequency measurements are used, the retrieval of rain
profiles is inherently affected by large uncertainties related to
the a priori assumptions about the rain microphysics and its
vertical variability. For instance, in the majority of retrievals,
a constant-with-height intercept parameter and an exponen-
tial drop size distribution (DSD) are assumed. The prospect
of using multiwavelength radar measurements can provide
additional information about the vertical structure of cloud
and precipitation and thus relax such assumptions (Battaglia
et al., 2020c, a). Using CloudSat observations, Rapp et al.
(2013) and Wang et al. (2017) suggest that the onset of pre-
cipitation occurs for the cloud liquid water path exceeding
values ranging from 150 to above 300 g m−2; the c-LWP is
then expected to grow with the r-LWP (see Fig. 6 in Leb-
sock et al., 2011). The cloud affects the radar signal only
by attenuating the measured reflectivities; since attenuation
amounts to ca. 0.8 to 4 and 12.0 dB kg−1 m2 of column-
integrated cloud liquid content when moving from 35 to 94
and 220 GHz only at the highest frequencies there is a tangi-
ble effect. Furthermore, the challenge of detecting the cloud
base height (Lamer et al., 2020) limits our ability to constrain
the vertical extent of the cloud liquid.

Additional constraints to the cloud component come from
auxiliary measurements that may include visible optical
thicknesses during the daytime and/or path-integrated atten-
uations (PIAs) over the ocean and/or co-located microwave
brightness temperatures. Cloud water dominates the visible
optical depth with the rain mode only contributing up to
5 %–10 % depending on the details of the DSD (Lebsock
and L’Ecuyer, 2011). PIA techniques rely on the contrast
between observed surface radar reflectivity under cloud-free
conditions and under rain and associate this difference with
the attenuation produced by the total water mass in the col-
umn. Brightness temperature (TB) corresponding to oceanic
warm-rain cells is warmer than the clear-sky background due
to the additional emission of cloud and precipitation (Wentz
and Spencer, 1998; Lebsock and Suzuki, 2016). Lebsock and
Suzuki (2016) quantified the typical sensitivities of 94 GHz
PIAs and TB on the total water path to 0.08 K g−1 m2 and
0.008 dB g−1 m2 when small values of water paths are con-
sidered, with decreasing sensitivities with increasing water
paths. They argued that since in the case of CloudSat the PIA
precision of 0.16 dB is much better than the 4 K precision of
TB, then PIAs can potentially achieve a much better retrieval
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uncertainty, on the order of 20 g m−2 (compared to 50 g m−2)
at small water paths.

All the aforementioned integral constraints can substan-
tially improve the estimates of c-LWPs and r-LWPs; how-
ever, they also have drawbacks. Visible optical thicknesses
have collocation issues and may be affected by 3D effects;
PIA estimates and TB measurements are often too noisy at
small liquid water paths (LWPs) and strongly affected by
nonuniform beam filling (NUBF; Kozu and Iguchi, 1999;
Battaglia et al., 2020b; Wentz and Spencer, 1998; Lebsock
and Suzuki, 2016) associated with the considerable spatial
inhomogeneity of warm rain (Lamer et al., 2019).

The relative contribution of cloud and rain particles to the
total attenuation depends on the frequency, with the cloud
component becoming increasingly important both in abso-
lute magnitude and relatively to the rain component with
increasing frequency (e.g., see Fig. 2 of Battaglia et al.,
2014). As the radar frequency increases, the size of the
small raindrops that contribute the most to attenuation de-
creases (e.g., the most efficient ones are those of a 1.2, 0.48
and 0.2 mm radius at 35, 94 and 220 GHz, respectively).
These frequency-dependent scattering properties underpin
any remote-sensing-based technique for the separation of the
cloud and rain component. Besides being essential in re-
trieval techniques, the partitioning between rain and cloud
remains an important frontier in improving understanding of
the autoconversion process.

This paper focuses on the quantification of warm oceanic
cloud and rain water content using spaceborne radars. It aims
to

– discuss the reliability of existing measurements and
algorithms and, in the process, identify existing gaps
(Sect. 2) and

– assess the potential of the future generation of radar ob-
serving systems to bridge these gaps, specifically deter-
mining (Sect. 3)

– the impact of different footprints on nonuniform
beam-filling effects and

– if integral constraints for cloud and rain water paths
can be improved using (1) radiometric radar modes,
(2) different radar frequencies and (3) combinations
of both types of measurements; these quantities are
key in constraining profiling algorithms, and their
accurate and precise retrieval is conditio sine qua
non for any quantitative warm-rain characteriza-
tion.

Conclusions are provided in Sect. 4.

2 Existing gaps

Quantitative estimates of warm rain are currently produced
from CloudSat and GPM observations. For CloudSat, CPR

reflectivity profiles and auxiliary data from 2B-GEOPROF
are first used to produce a cloud classification in order to
identify pixels of warm rain and then exploited to provide
profiles of liquid water content (including the separation be-
tween cloud and rain). The 2C-PRECIP-COLUMN algo-
rithm utilizes measurements of the near-surface radar reflec-
tivity and an estimate of the PIA to determine the actual inci-
dence of precipitation. The classification of liquid precipita-
tion into convective, stratiform or shallow types is then per-
formed by the 2C-PRECIP-COLUMN algorithm (Haynes et
al., 2009; Smalley et al., 2014) based on the vertical struc-
ture of reflectivity. In the absence of a reflectivity value of
0 dBZ or greater above the freezing level, the precipitation is
classified as shallow.

Two sophisticated algorithms are relevant for warm rain:
the 2C-RAIN-PROFILE (Lebsock and L’Ecuyer, 2011) and
the 2B-CWC-RVOD (Leinonen et al., 2016) products. The
algorithms produce rain rates as low as 0.001 mm h−1. In
contrast to 2C-RAIN-PROFILE, which is based upon Cloud-
Sat radar reflectivities and PIA, the 2B-CWC-RVOD product
also includes optical depths derived from the Moderate Res-
olution Imaging Spectroradiometer (MODIS) on the Aqua
A-train satellite (L’Ecuyer and Jiang, 2010).

For GPM, the level-2A Ku, Ka and dual-frequency pre-
cipitation radar (DPR) products provide a warm-rain flag
(flagShallowRain) and estimates of rain-rate profiles (Awaka
et al., 2016). Warm rain is identified within a vertical profile
where the storm top height is more than 1 km below the freez-
ing level (Iguchi et al., 2010). Furthermore, the warm rain is
classified as isolated or nonisolated depending upon the hor-
izontal size of the system. In this study, these two categories
have been grouped together. Due to the large differences in
sensitivity (−29 dBZ vs.+12 dBZ for the CloudSat CPR and
the GPM DPR, respectively), it is reasonable to expect dif-
ferences in their respective climatology of oceanic warm rain
(Liu and Zipser, 2009). Another important factor to consider
is the difference in sampling, with the CPR providing only
nadir-pointing observations, while the DPR provides mea-
surements of a 250 km swath.

A CloudSat-based global climatology of occurrence and
amount of oceanic warm rain constructed using observa-
tions collected between January 2007 and December 2010 is
shown in Fig. 1a and c. The analysis is restricted to ocean
where warm rain is mainly present and because PIA es-
timates over ocean are much better constrained thanks to
the highly predictable ocean surface backscattering signal
(Haynes et al., 2009). A number of features are apparent from
Fig. 1. Warm rain is widely distributed over the tropics and
the subtropics where the freezing level is located between 4
and 5 km. The occurrence and amount of warm rain are most
prominent in the intertropical convergence zone in the east
Pacific, where congestus clouds and shallow cumulus clouds
below trade inversions coexist with deep convective systems
(Johnson et al., 1999). The oceanic warm-rain climatology
exhibits zonal variability with higher occurrence at warmer
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sea surface temperatures (SSTs) that coincide with ascending
branches of the Walker circulation. On the contrary, lower
occurrences are found near the eastern continental bound-
aries where colder SSTs and large-scale subsidence result in
higher lower-tropospheric stability that limits the vertical ex-
tent of oceanic clouds and their ability to produce rain.

A similar climatology is derived using GPM DPR observa-
tions over the period July 2014 to June 2018. The differences
between the GPM and the CloudSat climatology of warm-
rain occurrence and amount are shown in Fig. 1b and d. In
general, GPM underestimates both occurrences and amounts.
In order to gain insights into the factors contributing to the
observed differences in the ocean warm-rain climatology, an
example of coincident observations from the CloudSat CPR
and the TRMM PR is shown in Fig. 2. Note that the same
features can also be found when comparing the CloudSat
CPR with the GPM DPR, since Ku-band TRMM and GPM
radars have similar performances in terms of sensitivities and
resolution. A number of warm precipitating cloud systems
are clearly identified by the CloudSat CPR (reflectivity in
Fig. 2a) thanks to its excellent sensitivity and finer resolution.
Note that the freezing level is located at about a 4 km altitude
(magenta line in Fig. 2a). The Ku-band TRMM radar (see
reflectivity in Fig. 2b) has a much coarser horizontal resolu-
tion and lower sensitivity and can detect only the three most
heavily precipitating cells of the scene where the CloudSat
CPR is affected by strong attenuation (two-way W-band PIA
well exceeding 20 dB, Fig. 2c). The differences in sensitivity
and horizontal resolution between current W-band and Ku-
and Ka-band systems imply that TRMM-like and GPM-like
spaceborne radars generally struggle to identify occurrence
of drizzle and light warm rain – let alone estimate its intensity
– which is well detected by the CloudSat CPR. Conversely,
high-intensity warm rain, associated with strong attenuation
of the CloudSat CPR signal, is likely to be better quantified
by TRMM-like and GPM-like radars.

There are a few tropical regions where GPM overestimates
warm rain. This can be either associated with an inconsis-
tency between the two classification algorithms (e.g., GPM
warm-rain classification may misclassify shallow noniso-
lated pixels that tend to occur in regions associated with deep
convective systems; Funk et al., 2013) or related to the differ-
ent resolutions of the GPM and CloudSat radars. The major-
ity of GPM warm-rain cells (55 % of the occurrences corre-
sponding to more than 22 % of the warm-rain-covered area)
corresponds to a single GPM pixel. The single-GPM-pixel
resolution is 25 km2 and that of CloudSat is 1.5 km2. Thus,
horizontally narrow warm rain with sufficient radar reflec-
tivity to be detected by both sensors can potentially occupy
an area 16 times larger in the GPM climatology than it will
in the CloudSat climatology. A simple 1D rescaling of the
occurrences from the CloudSat 1.1 km along-track resolu-
tion to a GPM-like 5.5 km scale accounting for the reduced
GPM sensitivity (with a fixed detection threshold assumed to
be 0.02 mm h−1, the threshold for warm rain from the 5 km

GPM DPR product) shows that this effect (Fig. 3) explains
part of the GPM overestimation in the occurrence statistics.
Despite not properly accounting for the 2D averaging, it is
clear that the footprint of the instrument (and the minimum
detection level) has a large impact on the determination of
warm-rain occurrences.

In addition to the aforementioned challenges related to
sensitivity and footprint, recent studies (Christensen et al.,
2013; Mace et al., 2016) concluded that it is very challeng-
ing to properly constrain either the cloud or the precipitation
properties using only single-frequency radar measurements.
To further support this, density histograms of the cloud liq-
uid water path (c-LWP) and rain liquid water path (r-LWP)
derived from the 4 years (from 2007 to 2010) 2C-RAIN-
PROFILE (x axis) and the 2B-CWC-RVOD (y axis) Cloud-
Sat products are shown in Fig. 4. The relationship between
the cloud and rain water path estimates in these products is
very weak. The use of different a priori assumptions and the
use of different input measurements to retrieve these param-
eters can explain the observed differences. However, one is
left wondering what is the true distribution of the c-LWP and
r-LWP and what is their relationship.

3 The way forward – future spaceborne radar
configurations

When considering precipitating warm clouds it is clear that
future observing systems need to outperform A-Train-like
observations in order to better constrain precipitation pro-
cesses. In addition, the scientific community is currently
undertaking several notional studies to assess the potential
of different multifrequency radar concepts (Battaglia et al.,
2020a), with the core effort at NASA being in prepara-
tion of the Aerosol and Cloud, Convection and Precipitation
(ACCP) mission, following the recommendation of the Na-
tional Research Council Decadal Survey for Earth Sciences
(The Decadal Survey, 2017). Advances in radar technology
enable new research avenues, with three aspects of particular
relevance for warm-rain studies.

– The next generation of spaceborne radars should
achieve better sensitivities and finer vertical and hor-
izontal resolutions (see Table 1 for two specifications
currently under consideration). This work focuses on
evaluating the impact of the reduction in horizontal res-
olution on quantitative estimates.

– Multifrequency radars including channels within the G-
band (Battaglia et al., 2014; Cooper et al., 2018; Roy
et al., 2018; Battaglia and Kollias, 2019) are now plau-
sible candidates for constellation concepts. Clearly dif-
ferent frequencies are tailored to different targets, with
higher (lower) frequencies more suitable for observing
clouds (precipitation) because of their better sensitivity
(reduced attenuation), as demonstrated in Fig. 2.
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Figure 1. Occurrence and amount of global warm rain at the ground as determined by CloudSat (data from January 2007 to December 2010)
and GPM (data from July 2014 to June 2018), using a spatial resolution of 2◦× 2◦. The CloudSat (GPM) results were produced using the
2C-PRECIP-COLUMN and 2C-RAIN-PROFILE (2A-DPR) products. (a, c) Global occurrence and amount of warm rain as observed by
CloudSat. (b, d) Difference in occurrence and amount between GPM and CloudSat.

– Radars with radiometric modes can provide perfectly
antenna-matched TB, with the possibility of fully ex-
ploiting the combination of active and passive measure-
ments. An example is provided by the CloudSat bright-
ness temperature product (2B-TB94 available at http://
www.cloudsat.cira.colostate.edu/data-products, last ac-
cess: 27 August 2020; see details in Mace et al., 2016)
derived from processing the noise floor data contained
in the 1B-CPR data product. For the case study shown
in Fig. 2 the CloudSat TB (panel d) is well correlated
with the presence of the cells, with an enhancement of
TB values, compared to the cold oceanic background at
∼ 240 K, induced by cloud and rain emission like that
observed in Advanced Microwave Scanning Radiome-
ter (AMSR) channels at a similar frequency (Eastman et
al., 2019). Interestingly, TB seems to produce a quicker
response than the PIA to the presence of the rain cells.
This is due to two reasons. First, visually, with the scale
of values shown in the y axis of panels c and d, it is
much easier to see a change in TB on the order of 1 K
than a change in PIA of 0.1 dB (which both correspond
to a water path of roughly 12.5 g m−2). Second, Cloud-
Sat TB values are computed by averaging along-track
using a 5-pixel boxcar window, so they have a coarser
resolution than that of the PIA.

Table 1. Summary of specifications for two radar configurations
currently under study: one with a very large antenna and one with a
smaller antenna. A flying altitude of 400 km and a range resolution
of 500 m are assumed. MDS is minimum detection signal.

Frequency Configuration I Configuration II
(GHz) (4.5× 4 m2) (2.5× 1.6 m2)

Single- Footprint Single- Footprint
pulse size pulse size
MDS (km2) MDS (km2)

(dBZ) (dBZ)

13.6 10 2.4× 2.7 – –
35.5 −6 0.9× 1.0 2 1.65× 2.6
94.4 −23 0.36× 0.41 −17 0.65× 0.95
220 −25 0.14× 0.16 −19 0.28× 0.41

3.1 Methodology

A forward simulator framework using cloud-resolving model
simulations as input is used to test the impact of the horizon-
tal resolution of the different radar configurations and to as-
sess the potential of a multifrequency radar system (with or
without radiometric mode). Two cloud field conditions are
evaluated (one with freezing levels around 4.9 km and the
other with freezing levels around 3.4 km), and a total of 12
different radar configurations were tested with three different
footprints for each frequency (as tabulated in Table 2) which
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Figure 2. Coincident CloudSat and TRMM satellite overpasses over oceanic warm-rain cells (2 January 2008, 07:46:46–07:47:05 UTC).
(a) Vertical profile of CloudSat radar reflectivities with the magenta line indicating the freezing level height. (b) TRMM PR reflectivities.
(c) CloudSat and TRMM (multiplied by 10) two-way PIASRT’s (PIASRT denotes PIA via the surface reference technique). (d) CloudSat
brightness temperature. The shaded regions correspond to profiles of warm rain as identified by 2C-PRECIP-COLUMN.

span the range of values currently employed or expected in
the near future.

3.1.1 RICO simulations

The simulations are based on data collected during the Rain
in Cumulus over the Ocean (RICO) field study. RICO was
a comprehensive field study of shallow cumulus convection
which was located in the winter trade winds of the north-
western Atlantic ocean, just upwind of the islands of Antigua

and Barbuda. An overview of the experiment is provided in
Rauber et al. (2007). The focus of RICO was on the statis-
tical character of the cloudy boundary layer, particularly on
the characterization of precipitation in shallow cumulus. The
cloud-resolving model used in this study is version 6.11.2 of
the System for Atmospheric Modeling (SAM) described by
Khairoutdinov and Randall (2003). Double-moment (Morri-
son et al., 2005) microphysics was used with a prescribed
concentration of cloud droplets of 100 cm−3. The horizon-
tal doubly periodic domain size was 57.6 km× 57.6 km with

Atmos. Meas. Tech., 13, 4865–4883, 2020 https://doi.org/10.5194/amt-13-4865-2020
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Figure 3. Simulated effect on warm-rain occurrences produced by
averaging the 1.1 km along-track CloudSat rain rates to a 5.5 km
scale and using a 0.02 mm h−1 detection threshold on the 5.5 km
averaged rainfall. This figure shows the enhancement (positive val-
ues) or reduction (negative values) in percentage compared to the
CloudSat occurrences.

Table 2. NUBF effect on PIA estimates based on the surface refer-
ence technique. For all footprints an along-track integration length
of 500 m is assumed. In the last column the fraction of profiles with
PIA exceeding 2 dB is referenced to the number of profiles having
a c-LWP or r-LWP exceeding 10 g m−2 at a 0.5 km resolution.

Frequency Footprint mSRT ρSRT Max Fraction
(GHz) (km) PIASRT with PIA

(dB) ≥ 2 dB

1 0.82 0.69 6.5 0.28
13.6 2.5 0.66 0.14 4.5 0.06

4 0.49 0.01 3.2 0.02

1 0.62 0.85 28.1 3.7
36.5 2.5 0.49 0.63 11.7 2.2

4 0.44 0.41 6.1 1.0

0.5 0.66 0.90 76.1 16.3
94.0 1.0 0.55 0.84 59.8 14.7

2.5 0.41 0.67 25.2 10.3

0.5 0.62 0.86 62.1 33.1
220.0 1.0 0.52 0.78 59.9 30.3

2.5 0.38 0.63 36.0 22.7

horizontal grid spacing of 100 m, while the vertical grid had
120 levels with the domain top at 4.8 km and constant 40 m
grid spacing.

Two simulations have been performed. The setup of the
first simulation closely follows the setup used in the study
by vanZanten et al. (2011). The second simulation was for
drier conditions, more characteristic of the midlatitudes than
the subtropics. There is no straightforward way to scale the
soundings and forcing profiles to accomplish that, so a very
simple procedure was used. The original sea surface temper-
ature of 299.8 K and the initial temperature of the sounding
were reduced by 9.8 K. The water vapor sounding and pre-
scribed large-scale vapor tendencies were scaled by a factor
that was obtained to keep the relative humidity at the first
model level constant. The other profiles, such as the horizon-

tal wind and subsidence rate were not changed. As the re-
sult of the procedure, the freezing level moved from around
4.9 km down to a 3.4 km height. Each simulation was run for
2 d with a time step of 2 s.

Figure 5 shows one scene (out of the 65 considered in this
study) illustrating the low-freezing-level simulations with the
colors modulated by the total integrated c-LWP and the con-
tour lines showing the r-LWP equal to 0.1 and 0.5 kg m−2,
(black and gray lines). Instantaneous fields of view (IFOVs)
of planned and operated spaceborne radars are shown for ref-
erence on the right-hand side.

3.1.2 Forward radar simulator

Four steps are followed in order to produce radar observables
from the model output.

1. Scattering properties of the medium are computed at the
fine model resolution. Gas attenuation is computed ac-
cording to the model from Rosenkranz (1998). Scatter-
ing properties of cloud droplets and raindrops are com-
puted via Mie theory (e.g., see Lhermitte, 1990). An
exponential drop size distribution is assumed for rain
with N0r = 8× 106 m−4 (Marshall and Palmer, 1948)
whereas a Gamma distribution with µ= 3 with an ef-
fective radius increasing from 3 to 15 µm from cloud
base to cloud top according to Bennartz (2007) is
adopted. The impact of the Marshall and Palmer as-
sumption is discussed later.

2. The scattering properties are used as input of the
radar forward model developed in Hogan and Battaglia
(2008) for computing the attenuated and unattenuated
reflectivity profiles (but with the multiple-scattering flag
turned off) and of an Eddington approximation code
(Kummerow, 1993) for computing TB.

3. A surface echo is added. The surface normalized
backscattering cross section, σ0, is computed as a func-
tion of the 10 m wind speed and the sea surface temper-
ature following Wu (1990). For the computation of TB,
surface emissivities are computed according to ocean
Fresnel models.

4. The results produced in steps 2 and 3 are convolved
with the radar range weighting functions with a top-hat
pulse with a 500 m range resolution (see Lamer et al.,
2020) and two-dimensional Gaussian antenna patterns
with different instantaneous fields of view. Along-track
integration of 500 m is carried out.

5. Random noise with a zero mean and 2 K (0.7 dB) stan-
dard deviation is added to the TB values and the PIAs,
while reflectivity noise is computed using the depen-
dence on signal-to-noise ratio (SNR) and averaging
pulses described in Hogan et al. (2005). Note that, as
shown in Leinonen et al. (2017), the uncertainty in
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Figure 4. Comparisons of the (a) rain LWP (r-LWP) and (b) cloud LWP (c-LWP) during warm rain (from 2007 to 2010, daytime only) for
two CloudSat retrieval algorithms, 2B-CWC-RVOD and 2C-RAIN-PROFILE. Black lines correspond to the 1 : 1 line; evidence of correlation
between the values obtained from the two CloudSat products is minimal.

Figure 5. Example of a SAM simulation output: cloud liquid water path
(

log10

(
LWP[kgm−2

]

)
with contour lines of 10 and 500 g m−2

rain LWPs in black and white, respectively, at native model resolution. The dashed black line corresponds to the ground track for the overpass
shown in Figs. 7–8.

the PIA is dominated by the uncertainty in the clear-
sky σ0 and not by the uncertainty in the surface re-
turn (unless for cases close to full attenuation) which,
at a high SNR and for CloudSat configuration, amounts
to 0.17 dB (Lebsock and Suzuki, 2016). Leinonen et
al. (2017) articulate that the uncertainty in the clear-
sky σ0 can be estimated from the standard deviation of
the observed clear-sky surface cross sections, with an
average value of 0.24 dB for CloudSat so that the to-
tal PIA precision is estimated to be 0.29 dB. In reality
this is an optimistic assumption because the clear-sky
σ0 is likely more uncertain, especially if there are no
clear-sky observations in the vicinity of the cloudy or
rainy profile, which occurs e.g., when continuous stra-
tocumulus cloud decks are present. In addition, even if
such calibration points are available, winds are likely to

change in the presence of precipitation due to local cir-
culation (e.g., this feature is evident in the SAM simula-
tions, not shown). σ0 has a strong sensitivity to the 10 m
wind speed (Fig. 6), whereas the sensitivity to SST is
very weak (< 0.08 dB K−1, not shown). Therefore with
7–10 m s−1 wind (which are characteristic values in
our simulations), an uncertainty of 1 m s−1 in the wind
speed induces an uncertainty of roughly 0.4–0.6 dB in
σ0 (with much worse results obtained for lower wind
speeds). Therefore we generally think that a PIA pre-
cision of 0.7 dB is more appropriate to be assumed in
our discussion. Similarly nadir emissivity sensitivities
are on the order of 0.2–0.3 % m−1 s at all frequencies
here considered. A 1 m s−1 uncertainty propagates into
a maximum 0.6–1 K uncertainty in the TB values.
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Figure 6. Sensitivity of the normalized radar cross section, σ0, to
10 m wind speed according to the Wu (1990) model.

6. Since the sensitivity improves proportionally to the an-
tenna gain, the single-pulse minimum detection signal
(MDS) of each configuration is obtained by scaling the
values provided in Table 1 for each frequency according
to the scaling of the antenna footprint area. Forward-
simulated reflectivities below the MDS are removed.

3.1.3 Example of simulated radar observables

Figure 7 indicates the integrated cloud and rain LWP, the
brightness temperature TB, and the path-integrated attenua-
tion PIA along the dashed black line drawn in Fig. 5. The
integrated measurements are shown for different horizontal
resolutions (model 0.1 km and radar 1 and 4 km) and for
different radar frequencies (Ku-, Ka-, W- and G-band). The
horizontal transect of the cloud and rain LWP indicates the
presence of two clusters of shallow precipitating clouds with
the first one having the majority of its water in cloud-size
droplets and the latter having the majority of its water in rain-
size particles. Each cell is approximately 5 km wide and ex-
hibits considerable variability with two to three cores spaced
by 1.5–2 km. The integrated LWP is shown in the original
model resolution and for two different radar footprints (1 and
4 km). Noticeably, the 1 km radar footprint is able to preserve
the shallow precipitation spatial variability, while the 4 km
footprint results in considerable smearing of the warm-rain
spatial distribution. This is consistent with the discussion in
Sect. 2. TB clearly reacts to the emission of the precipitating
clouds which warm the cold oceanic background (Eastman et
al., 2019). When increasing frequency, the nadir ocean emis-
sivity and the atmospheric gas optical thickness (mainly due
to water vapor) rise, thus causing a significant warming of
the baseline clear-sky TB. This reduces the contrast between
clear-sky and rainy cells, thus making TB measurements less
useful. On the other hand, optical thicknesses of the precip-
itating columns (which are driving the TB warming) also in-

crease with frequency, thus making the high-frequency chan-
nels the most sensitive to the presence of rain. For instance,
Ku-band TB values have a low baseline and a potentially
large dynamic range, but only a few kelvins of enhancement
are produced in this scene because of the low sensitivity of
the Ku-band extinction to cloud and rain (see Battaglia et
al., 2020a). Vice versa the W-band baseline TB values are al-
ready quite warm due to a high ocean surface emissivity; fur-
thermore they are strongly affected by the amount of water
vapor in the atmosphere, with significantly lower clear-sky
baselines for environments with a lower freezing level (e.g.,
∼ 235 K for this and, similarly, for the scene shown in Fig. 2
compared to∼ 255 K for the scenes with the highest freezing
level heights). TB values at 220 GHz (not shown) are already
saturated in clear-sky conditions and are therefore not con-
sidered further in this paper.

For the same cross section, vertical profiles of cloud and
rain water content and reflectivities are shown in Fig. 8. The
two rain cells located around 23 and 35 km are well profiled
by all frequencies, but the configurations with the largest
footprints (panels b and d) tend to fatten their structures. The
increased level of attenuation at higher frequencies is clearly
highlighted by the reduction in the surface return (panels e
and f); at 220 GHz, the surface return and the 1.5 km lowest
rain disappear below the MDS, corresponding to the heavily
precipitating core at 35 km.

3.2 Results

3.2.1 Impact of instrument footprint

Warm precipitating clouds are naturally very inhomogeneous
as clearly highlighted in Fig. 5. This inhomogeneity and their
inherent 3D structure is very challenging when considering
spaceborne observations, with the instrument footprints nat-
urally convolving (thus smoothing) the natural variability of
the rain microphysics fields. For instance the sharp peaks
in the c-LWP and r-LWP at the 100 m model native reso-
lution are already reduced when moving to 1 km footprints
and completely washed out when moving to 4 km (Fig. 7a).
Similar effects can be seen in TB values and PIAs (e.g., com-
pare lines with the same colors and different styles in Fig. 7b
and c) and also in the reflectivity profiles with rainy cells ap-
pearing less intense but with larger horizontal extent for the
coarser-horizontal-resolution radar configurations (compare
Fig. 8c and d).

NUBF effects are particularly detrimental when consid-
ering estimates of (two-way) PIA via the surface reference
technique (hereafter designated PIASRT) and in the imple-
mentation of attenuation corrections for measured reflectivi-
ties within profiling algorithms (Durden, 2018, and reference
therein). The PIASRT is derived by contrasting the surface re-
turn under rainfall and the surface return under clear-sky con-
ditions (Nakamura, 1991; Meneghini et al., 2015). In equa-
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Figure 7. (a) Integrated cloud and liquid water path along the cross
section shown in Fig. 5 at the native model resolution and when
accounting for different footprint sizes, as indicated in the legend.
(b) Brightness temperatures for different frequencies and footprint
sizes as indicated in the legend. Random noise with a standard de-
viation of 2 K is added to the measurements. A nadir-looking ge-
ometry is assumed. (c) Two-way hydrometeor PIAs computed sim-
ulating SRT (surface reference technique) observations for different
frequencies as indicated in the legend. Red, green, blue and magenta
correspond to the Ku-, Ka-, W- and G-band, respectively.

tions
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whereas the “true” PIA is obtained via averaging the inte-
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where the integrals are extended to the full antenna pattern
and G represents the antenna gain. If pia(�) is constant
across the footprint then PIASRT = PIA, but in the presence
of NUBF PIASRT always underestimates the true PIA, as a
direct consequence of the concavity of the exponential func-
tion. This is clearly demonstrated in Fig. 9 for a Ka-band hav-
ing a footprint of 1 and 4 km (panels a and b, respectively).
Note the presence of negative values for PIASRT (y axis) in
correspondence to small true PIAs due to the injection of
noise in their estimates. The radar footprint can impact the
PIA estimates in two different ways:

1. It can lead to considerable underestimation of the PIA
due to NUBF effects (i.e., the spatial extent of the cloud
covers only a fraction of the effective radar footprint that
is the result of the instantaneous field of view and of
the along-track integration). This effect is amplified for
larger radar footprints (see departure from the 1 : 1 line
in Fig. 9).

2. The range of the true PIA value decreases when coarser
footprints are adopted due to the convolution with the
broader two-way antenna gain function. As a result of
the smaller measured PIA values, the relative error in-
troduced by the measurement error increases. Thus the
fraction of useful PIA measurements strongly increases
with greater frequencies and with smaller footprints (see
last column in Table 2).

Similar results are found at the other frequencies and are
summarized in Table 2 where the slope coefficient of the fit-
ting line (mSRT), the correlation (ρSRT) and the maximum
value of the PIASRT’s are reported. With the same footprint,
the NUBF effect tends to be more and more acute with in-
creasing frequencies. For current configurations like for the
CloudSat CPR or the GPM Ka, the value of mSRT is signifi-
cantly lower than 1. It is clear that proper corrections must
be applied. While for the GPM DPR, studies are focused
on identifying the pixels mostly affected by NUBF by using
a combination of normal- and high-sensitivity scans (with
flags introduced in the “Trigger” module; see Mroz et al.,
2018) and on implementing corrections (Seto et al., 2015); to
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Figure 8. (a) Vertical profile of r-LWC (rain liquid water content) for the cross section corresponding to the black line shown in Fig. 5 at
the model resolution (100 m); the dashed black and white lines correspond to Dm equals 0.5 and 1.5 mm, respectively. (b) Vertical profile of
c-LWC (cloud liquid water content) for the same cross section. The units of the color bar for both (a) and (b) corresponds to log10 of LWC in
grams per cubic meter; so for instance−1 means 0.1 g m−3. (c–g) Simulated vertical profiles of reflectivities (color bar units: dBZ) for bands
and horizontal resolutions as indicated in the text at the top each panel. Black lines correspond to contour levels of the antenna-weighted PIA
from the top of the atmosphere.

our knowledge, no mitigation is currently planned for warm-
rain retrievals in the CloudSat algorithms currently in oper-
ation (Lebsock and L’Ecuyer, 2011; Leinonen et al., 2016).
The same applies to the EarthCARE CPR (which is less af-
fected, having a footprint substantially smaller) algorithms
(Mason et al., 2017), now in preparation. A possible solution
would be to identify regions highly affected by NUBF by
producing PIASRT estimates at a much higher temporal fre-
quency than cloud measurements (which is possible thanks

to the typically higher SNR of the surface) and using the
along-track PIA gradient as a proxy for NUBF (something
similar is currently envisaged for the Doppler NUBF correc-
tion; e.g., see Kollias et al., 2014). The estimated gradient
of PIASRT’s could be used to partially correct for the bias.
Figure 10 shows the relationship for a 94 GHz radar with
a 0.5 km IFOV. There is still quite some spread around the
median value (black line), as expected from the highly non-
linear impact of NUBF on PIASRT’s (e.g., see example in
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Figure 9. Illustrating the impact of NUBF on estimate of the hydrometeor PIA via the surface reference technique: density scatterplot of
hydrometeor PIA vs. PIASRT for the whole dataset of RICO simulations for Ka-band radars with footprint of 1 km (a) and 4 km (b) and for
footprints of 0.5 km at 94 GHz (c) and 220 GHz (d).

Figure 10. Density plot of PIASRT bias (with respect to the true
PIA) as a function of the absolute value of the along-track PIASRT
gradient for the entire dataset of simulations. A configuration for
an EarthCARE-like configuration is considered (94 GHz radar with
a 0.5 km IFOV). The black line corresponds to the modal values
of the biases for a given absolute value of the PIASRT along-track
reflectivity.

Mroz et al., 2018). For larger footprints the spread of the bi-
ases around the median tends to increase (not shown). Most
of the nonlinearities are expected to be particularly acute in
the presence of footprints with considerable empty fractions.
Future work should investigate the role of ancillary visible
or infrared collocated images or of scanning or push-broom
configurations with oversampled footprints to better quantify
the footprint empty fraction.

3.2.2 Value of radiometric measurements vs. PIAs

In order to better assess the value of TB a simple scenario
is considered, with the inclusion in the environment of the
case study of Fig. 5 of a cloud layer at roughly 2 km and a
rain layer underneath with increasing c-LWP and r-LWP val-
ues. The corresponding brightness temperatures for cloud-
only (crosses) and rain-only (lines) conditions are plotted
in Fig. 11. Different microphysics with exponentially dis-
tributed DSDs are considered for the rain. In addition to the
Marshall and Palmer configuration we have added another
configuration with a constant intercept of N0 = 5× 107 m−4

which is labeled as “Cumulus” since it resembles the one la-
beled with the same name in Lebsock and L’Ecuyer (2011).
In addition the SAM model actually adopts a two-moment
scheme where rain concentration and rain water content are
both predicted (Morrison et al., 2005); such a scheme is
approximated by a power law fit of the form 3−l = 2.7×
10−4RWC0.3, where 3 is the slope parameter in reciprocal
meters and RWC is the water content in kilograms per cu-
bic meter (and it will be referred to as “MO05”). From these
plots the different response of the different frequencies is im-
mediately clear: while the 13.6 GHz never saturates for an
LWP smaller than 5 kg m−2, the 36.5 and 94 GHz saturates
at different c- and r-LWPs. The sensitivity of TB to a change
in cloud and rain LWPs is illustrated in Fig. 11b. The sen-
sitivity to cloud is generally smaller than to rain, but such a
difference becomes increasingly smaller with increasing fre-
quencies, similarly for the differences between different rain
microphysics. This is a direct consequence of the dependence
of the extinction per unit mass on the characteristic size of the
DSD (see Fig. A6 in Battaglia et al., 2020a).
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Figure 11. TB (a) and TB sensitivity (b) as a function of the c-LWP
and r-LWP for a simple scenario with cloud-only and rain-only con-
ditions. Different microphysics schemes are considered for rain (see
text for details). Red, green, blue and magenta lines correspond to
13.6, 36.5, 94 and 220 GHz, respectively.

The SAM simulation can reach very low cloud and rain
LWPs (down to 10−4.5 and 10−5.5 kg m−2, respectively). An
indication of how the two quantities covary when consider-
ing quantities averaged over footprints on the order of 1 km
is provided by the color image in Fig. 12. Figure 12 further
illustrates where PIA and TB can be useful as constraints for
retrievals. In order to gauge the relevance of PIA and TB mea-
surements, the mean values of 1TB (defined as the enhance-
ment of the TB values with respect to their clear-sky reference
values) and PIAs in correspondence to different pairs of r-
LWPs and c-LWPs binned logarithmically within their range
of variability have been computed. A threshold of 0.7 dB for
hydrometeor PIAs and of 2 K for 1TB values has been used
to roughly identify regions where those signals are sensitive
to variations in c-LWPs and r-LWPs. The corresponding con-
tour lines are shown in Fig. 12 for PIAs (dashed) and 1TB

values (continuous lines) for the different frequencies (differ-
ent colors). We can make the following remarks.

– Ka- and W-band 1TB values and PIAs (see green and
blue curves) are potentially very useful, as is G-band
PIA. Ku-band PIA appears effective only for heavily
precipitating clouds (i.e., r-LWP≥ 400 g m−2). The in-
clusion of increasing frequencies increases the retrieval
potential towards smaller values of the c-LWP, but, even
when considering the G-band, integral constraints are
useful only for c-LWPs and r-LWPs exceeding roughly
30 and 15 g m−2, respectively.

– For any given frequency, TB is generally useful for
smaller cloud and/or rain content compared to PIAs (if a
precision of 2 K and 0.7 dB is assumed for TB and PIAs,
respectively). For instance at 35 GHz for nonraining
(raining) clouds, TB values are certainly useful for all
instances of c-LWP> 60 g m−2 (r-LWP> 20 g m−2),
but PIAs are useful only when c-LWP> 350 g m−2 (r-
LWP> 100 g m−2). W-band (Ka-band) PIAs seem to
have the same (slightly better) potential as Ka-band
(than Ku-band) TB values.

– TB tends to saturate at larger LWPs than the correspond-
ing PIAs (see also Fig. 2). The dynamic range of TB
values (defined as the difference between saturated and
background TB) is constantly reducing with increasing
frequency (because of the increase in the ocean nadir
emissivity and the water vapor optical thickness). At the
G-band (not shown) it becomes so small that TB values
are practically of no use.

3.2.3 Potential of multifrequency retrievals of c-LWPs
and r-LWPs

Here we want to investigate which frequency and which vari-
able combination is more effective for retrieving column-
integrated cloud and rain liquid water paths. The retrieval
methodology is based on an ensemble Kalman smoother ap-
proach described by Grecu et al. (2018). The large database
of RICO simulations is used to produce statistical relation-
ships between observations and the state variables. Here the
vector of unknowns is x = [c-LWP, r-LWP], while the vector
of measurements can include both PIASRT’s and TB values
and/or reflectivities measured at the “closest-to-the-surface”
clutter-free bin; thus yobs = [TB. . .Zns. . .PIA. . .], which can
contain multiple frequencies and/or multiple observables.
Note that near-surface reflectivities, when multifrequency
observations are available, have been suggested as variables
with good potential to provide constraints on integral quanti-
ties (Durden, 2018).
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Figure 12. Distribution of r-LWPs vs. c-LWPs with log10 of the
occurrences modulated by the color bar. Footprints of 1 km are
used for all instruments. The continuous lines (unless otherwise la-
beled) correspond to where TB exceeds the background TB by 3 K,
whereas dashed lines correspond to where the hydrometeor PIAs
exceed 1 dB. Red, green, blue and magenta lines correspond to 13.6,
36.5, 94 and 220 GHz, respectively.

Given a vector of observations yobs, the retrieved vector of
unknowns is computed as

xret =
〈
{x̃}

〉
+ cov({x̃} , {ỹ})

[
cov({ỹ} , {ỹ})

]−1(
yobs−

〈
{ỹ}

〉)
, (3)

where {ỹ} = [ỹ1, ỹ2, . . .ỹn] is a subset of the simulated ob-
servations of the training database within a normalized dis-
tance, δ (see Eq. 4), from yobs of less than 1 and {x̃} =
[x̃1, x̃2, . . .x̃n] is the corresponding state variables. The op-
erator 〈 〉 indicates the mean operation across the subset. The
normalized distance between the observation vector and the
j element of the subset of {ỹ} is defined as
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where σk is 2 K for TB and 1 dB for PIAs and depends on the
SNR for Zns according to formula A9 in Hogan et al. (2005).

Absolute bias and root mean square errors for different
combinations of observables at different frequencies with
matched footprints of 1 km are plotted in Fig. 13. It is clear
that Ka- and W-only retrievals perform poorly but with the
W-band (Ka-band) performing better for the cloud (rain)
component. Combining single-frequency PIAs and TB values
(circles) certainly improves the retrieval, but it is the combi-
nation of two frequencies that definitely improves simultane-
ously c-LWPs and r-LWPs, with the Ka–W combination per-
forming better than the W–G combination (compare cyan and

magenta circles). The inclusion of near-surface reflectivities
also produces a significant improvement in the performances
of both the c-LWPs and the r-LWPs (see dashed lines). The
inclusion of the G-band in addition to the Ka and W seems to
only marginally improve results (compare dashed cyan and
black lines). Note that LWPs are expressed in logarithmic
units, thus RMS differences of 0.1, 0.2 and 0.3 correspond
to fractional errors of +26%/− 21%, +58%/− 37% and
+100%/− 50%, respectively. So for instance the Ka-band–
W-band pair achieves the best retrieval performances with
an RMSE of better than 30 % for c-LWPs and r-LWPs ex-
ceeding 100 g m−2. Similar conclusions (not shown) can be
drawn when 2.5 km footprints are used.

4 Conclusions

Quantification of warm rain from spaceborne radars remains
challenging because of its intrinsic patchy structure and low-
reflectivity structure, both of which impose the use of high-
frequency radars (Ka and above) capable of small footprints
and high sensitivity. State-of-the-art single-frequency radar
profiling algorithms of warm rain seem as yet inadequate be-
cause of the dependence on uncertain assumptions about the
rain–cloud partitioning and because of the rain microphysics.
Such assumptions can be mitigated if multifrequency obser-
vations and additional integral constraints (specifically PIAs
derived from the surface reference technique and brightness
temperatures acquired in radiometric mode) are considered.
In this paper, the impact of such measurements on the re-
trieval of the cloud-and-rain-integrated liquid water paths has
been examined. The findings can be summarized as follows.

1. PIA constraints are generally extremely useful in re-
trieval algorithms. However, for RICO-like scenes,
characterized by extreme nonuniform beam-filling con-
ditions, the surface reference technique provides a bi-
ased estimate of the PIA even when subkilometer foot-
prints are considered. Simulated PIAs for CloudSat-
like and GPM-like radars are seriously affected. To
our knowledge, no attempt is currently made in Cloud-
Sat (and EarthCARE) retrievals to correct for such an
effect. This could potentially produce negative biases
in LWP estimations. The possibility of adopting cor-
rections e.g., driven by visible and infrared imaging
should be contemplated. Also scanning configurations
that oversample the footprints could be considered in
order to effectively improve the spatial resolution by de-
convolution (Battaglia et al., 2020a); this is particularly
true at the Ka-band to achieve subkilometer-like effec-
tive footprints.

2. Increasing frequencies enhance the PIA sensitivity to-
wards smaller values of the LWP. The W-band produces
PIAs exceeding 0.7 dB with c-LWPs (r-LWPs) exceed-
ing about 70 g m−2 (20 g m−2). A G-band channel can
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Figure 13. Bias (a, c) and RMSE (b, d) in retrievals of c-LWPs (a, b) and r-LWPs (c, d) in log10 units for the configuration with 1 km
footprints. A value of 0.1, 0.2 and 0.3 corresponds to a factor of 1.26, 1.58 and 2 error, respectively. Continuous lines, crosses, circles and
dashed lines correspond to PIA only; TB only; PIA and TB combined; and PIA, TB and Zns combined, respectively. Green, blue, cyan,
magenta and black lines correspond to Ka only, W only, Ka–W combination, W–G combination and Ka–W–G combination, respectively.

significantly boost sensitivity because of its stronger
cloud extinction coefficient, thus lowering the detection
threshold by a factor of ca. 2.5 compared to the W-band.

3. Over ocean surfaces, TB is generally more sensitive to
smaller cloud and/or rain content compared to PIAs if
precisions of 0.7 dB and of 2 K are assumed for PIAs
and TB, respectively. Lebsock and Suzuki (2016) have
assumed worse precision in the TB (4 K) based on the
CloudSat product (which is an experimental product
– the radar was not designed for having a radiometric
mode) and much better precision in PIAs (≈ 0.16 dB),
thus pushing the PIA cloud sensitivity limit at the W-
band to 20 g m−2. In our analysis, given the uncertain-

ties in the retrieval of the ocean surface σ0 in rainy con-
ditions, we have used a more conservative approach.
The precision limit when retrieving c- and r-LWPs via
TB can be directly computed by looking at Fig. 11 for
any given TB measurement precision.

4. TB steadily increases due to cloud or rain emission, but
it tends to saturate at LWP values which are smaller and
smaller with rising frequencies. The dynamic range of
TB variability (defined as the difference between satu-
rated and background TB) is constantly reducing with
increasing frequency (because of the increase in the
ocean emissivity and in the water vapor optical thick-
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ness). At 200 GHz and above, they are of no practical
use.

5. If matched beams are accomplished, dual-frequency
constraints adopting PIAs and/or TB values signifi-
cantly improve c-LWP and r-LWP retrievals compared
to single-frequency constraints. The Ka-band–W-band
pair achieves the best retrieval performances with an
RMSE of better than 30 % for c-LWPs and r-LWPs
exceeding 100 g m−2. Near-surface reflectivities further
improve the accuracy and precision of the retrieval.

Future work should thoroughly assess the retrieval capa-
bilities of the full vertical structure of warm rain from dual-
and triple-frequency (Ka-, W- and G-band) matched-beam
observations. In general, non-Rayleigh differential scatter-
ing effects for the Ka–W and W–G combinations are huge
for rain (up to 10 and 15 dB, respectively, for Dm up to
1 mm; Battaglia et al., 2020a). This gives an opportunity to
size raindrops if reflectivity profiles remain above the noise
level (thus a sufficient MDS must be reached) and if atten-
uation is properly accounted for. This will help in reducing
the uncertainties related to the rain microphysics; in such a
framework a rigorous assessment of the impact of the differ-
ent rain–cloud partitioning in various microphysical schemes
could also be carried out. Note that G-band reflectivities are
generally expected to be useful mainly in the upper part of
the warm-rain profile (where the cloud is expected to be). At
such frequencies, in high-freezing-level conditions (3 km and
above), gas and hydrometeor attenuation and non-Rayleigh
effects tend to drive the signal below the detection threshold
in the lower troposphere. Two aspects remain critical for the
substantial progress of warm-rain profiling capabilities:

– the inclusion of good a priori assumptions, especially
related to the distribution of the cloud liquid water given
the breakdown of the adiabatic assumption in rainy con-
ditions (Li et al., 2015; Zhu et al., 2019);

– the incorporation of 3D and NUBF effects; this requires
a paradigm change by moving from retrieving each sin-
gle profile separately to running retrievals for the entire
cross section of the warm-rain cell as captured by the
profiling radar suite simultaneously; retrievals must be
adapted to address the intrinsic 3D nature of warm-rain
systems.
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