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ABSTRACT: Radar-radiometers that share the same antenna are of great interest due to their matched resolution and
complementarity. Here, a spaceborne radar-radiometer simulator and high-resolution cloud model simulations are used to
evaluate the impact of various sources of uncertainty and nonuniform beamfilling (NUBF) effects on the total liquid water
path (TLWP) inferred from 238-, 94-, and 35.5-GHz brightness temperature (Tb) or path-integrated attenuation (PIA).
Two maritime low cloud regimes are considered: drizzling stratocumulus (Sc) and trade wind shallow cumulus (Cu). Instru-
ment precision, the sensitivity of observations to TLWP, and the natural variability of the relationship between the TLWP
and the observable within forward simulations collectively determine the retrieval uncertainty of TLWP. Overall, TLWP
retrievals are better constrained in Sc regimes due to their homogeneous appearance. The addition of 238-GHz PIA can
be particularly advantageous for the Cu regime. A 50% or smaller retrieval uncertainty can be achieved starting at TLWP
of 70 g m ™2, compared to more than 500 g m 2 by the 94-GHz PIA. In addition, instrument precision of Tb worse than 1 K
can potentially escalate the uncertainties of TLWP. NUBF effects result in negative biases in observations and subsequent
retrievals, the magnitude of which is commensurate with hydrometeor liquid amount and footprint size. Despite the biases
in 238-GHz PIA caused by NUBF being the largest among the three frequencies considered, the associated error propa-
gated into TLWP can be significantly lower than the other frequencies due to its high sensitivity.

KEYWORDS: Microwave observations; Radars/Radar observations; Satellite observations; Error analysis; Uncertainty

1. Introduction One challenge with global CLWP datasets derived from
passive solar or microwave imagers is that they differ signifi-
cantly in the regional distributions (Seethala and Horvath,
2010). Observations from active sensors (lidar and radar) can re-
solve some of the discrepancy in passive datasets related to,
among other factors, cloud occurrence, scattering geometry,
cloud temperature, and precipitation occurrence (Lebsock and
Su 2014; Greenwald et al. 2018), yet this understanding is not of-
ten reflected in the passive datasets used to evaluate models.
Another important cause of the differences in the CLWP esti-
mates is the varying sensitivity of retrieval methods to cloud and
rainwater, where microwave instruments are sensitive to both

Low-level clouds are widely distributed over the global
oceans (Hartmann et al. 1992; Chi et al. 2024). Earth’s radia-
tion budget is highly sensitive to the properties of marine low
clouds, while estimating their climate feedback with accurate
sign and magnitude has been a long-standing challenge (Bony
and Dufresne 2005; Sherwood et al. 2014). The contrast of
low cloud feedback between stratocumulus and cumulus re-
gimes in the Coupled Model Intercomparison Project phase 6
(CMIP6) remains largely muted compared to observations
(Myers et al. 2021). In addition, CMIP6 found that the inter-
model spread and multimodel mean in low cloud feedback

further increased relative to CMIP5, due to a smaller increase
of cloud liquid water path (CLWP) and more reduced cloud
coverage responding to warming (Zelinka et al. 2020). Given
radiative fluxes have a strong dependence on CLWP, a global
map of CLWP that is solely attainable from satellite observa-
tions is essential to benchmark the performance of climate
models.

Denotes content that is immediately available upon publica-
tion as open access.
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cloud and precipitation, while solar reflectance is primarily sensi-
tive to cloud droplets. This difference can be exploited to simulta-
neously observe cloud and rainwater (Lebsock et al. 2011). The
total liquid water path (TLWP) is defined as the column-integrated
condensed water mass, comprising the sum of the CLWP and rain
liquid water path (RLWP) components. The capability to observe
cloud and precipitation simultaneously is vital to constrain micro-
physical processes (e.g., cloud-to-precipitation conversion)
and improve their parameterizations in numerical models.
Various synergistic combinations of W-band (frequency between
75 and 110 GHz) reflectivity with solar reflectances, microwave
brightness temperatures (Tb), and radar path-integrated attenua-
tion (PIA) as carried by the NASA A-train constellation have
been used to constrain co-occurring cloud and rain (Lebsock et al.
2013; Mace et al. 2016) along with the associated model process

© 2026 American Meteorological Society. This published article is licensed under the terms of the default AMS reuse license. For information regarding
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rates (Suzuki et al. 2013; Jing et al. 2019). Key to these studies is
the exploitation of the sensitivity of solar reflection, microwave
extinction/emission, and radar reflectivity to cloud, total, and
rainwater, respectively. An optimal combination of the meas-
urements requires that both cloud and rain be constrained si-
multaneously since all of the measurements have some
sensitivity to both water modes (Xu et al. 2019).

This paper focuses on the use of radar-derived Tb and PIA
measurements to constrain the TLWP, which provides a similar
constraint to a passive microwave imager with two essential ad-
vantages: 1) The measurement is made on a spatial scale compa-
rable to that of solar reflectance and 2) the radar reflectivity
profile enables precise detection of precipitation occurrence. Ex-
isting efforts have used CloudSat (Stephens 2008) W-band PIA or
Tb for this purpose. The presented study is very relevant to
the Wind Velocity Radar Nephoscope (WIVERN) mission
(Hllingworth et al. 2018; Battaglia et al. 2022) that was recently se-
lected as the European Space Agency (ESA) Earth Explorer 11
mission and included a radar-radiometer mode for improved Tb
measurements. Combining additional frequencies, such as Ka
(27-40 GHz) and G (110-300 GHz) bands, can add a significant
amount of information to such underconstrained problems re-
lated to oceanic warm rain (Battaglia et al. 2014, 2020b; Courtier
et al. 2024). The theoretical potential of G-band radar was estab-
lished in the early 1990s (Lhermitte 1990) but not until recently
has the maturity of technology enabled suborbital observations
(Lamer et al. 2021; Courtier et al. 2022, 2024; Socuellamos et al.
2024) and consideration for satellite measurements.

This study has two primary objectives: first, to quantita-
tively estimate the TLWP uncertainties retrieved from Tb and
PIA and their dependence on operating frequency and mea-
surement uncertainty level. The analysis will provide a reference
for future mission planning by mapping TLWP uncertainty re-
quirements into observational uncertainty at each frequency; and
second, to investigate how the nonuniform beamfilling (NUBF)
effect biases the observations and translates into the derived
TLWP and how these biases relate to observational frequency
and instantaneous field of view (IFOV).

2. Background
a. Global LWP measurements

LWP climatologies have been primarily built upon passive mi-
crowave Tb or visible and near-IR imager observations (e.g.,
O’Dell et al. 2008; Elsaesser et al. 2017). Underpinned by differ-
ent physical constraints, these methods are subject to their own
uncertainty and bias mechanism. For microwave Tb, large errors
can stem from the difficulties to partition the emission signals be-
tween cloud and precipitation as well as to determine the cloudy
and clear-sky pixels accurately (Stephens and Kummerow
2007). For solar reflectances, LWP is derived from the retrievals
of cloud effective radius and optical thickness using bispectral
methods (Nakajima and King 1990). As such, uncertainties and
biases in r, and T, associated with solar and viewing geometry,
cloud inhomogeneity, plane-parallel assumption and precipita-
tion occurrences, can populate into the LWP products (e.g.,
Marshak et al. 2006; Zhang et al. 2012; Xu et al. 2022).
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FIG. 1. Extinction (solid lines) and absorption coefficients (dash
lines) per unit mass at 290 K. Red, blue, and black lines indicate
238, 94, and 35.5 GHz. Dotted lines with “x” markers indicate
SSA. The shaded areas represent the variance of extinctions due to
temperatures varying from 280 to 300 K.

Given the large discrepancies between Tb- and solar-
reflectance-derived LWP and their dependence on cloud re-
gimes, increasing efforts have been devoted to incorporating
active sensors such as CloudSat and CALIPSO observations to
validate and improve the LWP retrievals from space (Lebsock
and Su 2014; Leinonen et al. 2016; Schulte et al. 2024).
Leinonen et al. (2016) used the CloudSat PIA estimates to vali-
date the CLWP retrievals in nonprecipitating clouds that com-
bined CloudSat radar reflectivity and MODIS observations. The
study pointed out a positive bias in the MODIS-derived CLWP,
which likely results from the overestimation of cloud effective
radius. More recently, Lebsock et al. (2022) used the CloudSat
PIA to estimate the CLWP also in precipitation-free clouds.
A comparison against the MODIS-based CLWP shows the in-
creasing differences as CLWP increases. Note PIA (dB) is lin-
early proportional to CLWP without the presence of rain as
in these two studies, while this relationship is no longer linear
in the precipitating clouds.

b. Extinction and absorption at millimeter wavelengths

The wavelength-dependent radiative characteristics permit
differential signals as a function of drop size. As illustrated in
Fig. 1, scattering is negligible for drops below 50 um for all
the frequencies considered here. Extinction coefficients within
this range show little dependence on size but increase com-
mensurate with frequency. At 290 K, extinction per unit mass
at 238 GHz for cloud size droplets exceeds 12 dB km ™!, while
it is less than 1 dB km™' at 35.5 GHz. The availability of
G-band measurements is expected to enhance the detectabil-
ity of cloud water, given its pronounced sensitivity to water
mass. The extinction efficiency typically peaks around a size pa-
rameter of 27r/A =~ 1, where r is the particle radius and A is the
radiation wavelength, for spherical particles in the Mie scatter-
ing regime, and single scattering albedo (SSA) increases mono-
tonically. Due to the sensitivity of liquid water refractive index
to temperature, extinction has a weak dependence on cloud
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temperature, as indicated by the shaded areas in Fig. 1. The
error in CLWP associated with cloud temperature at 94 GHz
was found to be small (0.08%-2.24%) for nonraining clouds
with tops lower than 2.5 km (Lebsock et al. 2022).

3. Methodology

Lebsock and Suzuki (2016) proposed a framework to evaluate
how measurement and forward model uncertainties propagate
into TLWP derived from 94-GHz Tb and PIA for trade wind
cumulus (Cu). They underscored the dominant impact of NUBF
and the natural variability in the relationship between observ-
ables and TLWP. Here, we extend that assessment to include
35- and 238-GHz channels as well and consider two predominant
and climatically important low cloud regimes: Cu and open-cell
stratocumulus (Sc) with drizzle.

Tb and PIA, as integral constraints on LWP, are demon-
strated to be of great value even in the multifrequency radar
observing systems (Xu et al. 2019; Battaglia et al. 2020a). PIA
(always intended as a two-way attenuation) is readily avail-
able from radars with uncertainties notably smaller over the
ocean relative to land. PIA due to hydrometeors is defined as

PIA = —10log§ ™, 1)

where 7 denotes the path-integrated extinction of cloud and
rain droplets. The physical basis to retrieve LWP from PIA is
that cloud extinction is linearly correlated with cloud water
mass for a given temperature, although the occurrence of pre-
cipitation introduces ambiguities.

The surface reference technique (SRT; Nakamura 1991;
Lebsock and L’Ecuyer 2011) is often adopted to estimate
PIA. The SRT estimates the PIA by subtracting the normal-
ized radar backscatter cross section of the surface (o,) in
cloudy regions from the clear-sky o, measured within close
proximity:

PIA = 0-n,clear - O-n,cloudy' (2)

Gaseous attenuation exists in both clear-sky and cloudy re-
gions and thus is canceled out in Eq. (2). It is temperature and
frequency dependent and can exceed 5.5 dB (two way) in the
tropics for a W band (Haynes et al. 2009) and be even more
pronounced at G band. The impact of atmospheric gases on
0, must be considered. Taking o, cicar s a baseline, the pres-
ence of clouds and precipitation results in a measurable de-
pression from the baseline.

Passive microwave Tb can be acquired with independent
radiometers or from radars in radiometric mode, as experi-
mented in the CloudSat mission. The CloudSat Tb is perfectly
collocated with reflectivity observations, although its mea-
surement uncertainty (~4 K with radar integration length of
1.1 km) is much higher than that of stand-alone radiometers
(=1 K). Observed Tb represents a column-integrated signal
that includes upward emission from hydrometeors and water
vapor, scattering by ice particles and large raindrops, gaseous
absorption, and surface emissivity. To isolate the contribution
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FIG. 2. Examples of simulated (a) CLWP and (b) RLWP on log
base 10 scale for shallow Cu scene at native model resolution.
IFOV of GPM, CloudSat, and EarthCARE are provided in (a) for
reference. (c),(d), As in (a) and (b), but for Sc scene.

of cloud and precipitation to the signal, AT, can be estimated
analogously to SRT for PIA:

AT,

p =T,

b.cloudy - Tb,clr‘ (3)
Here, Tpciouay and Tj o Tepresent the brightness tempera-
tures measured over the cloudy column and the nearby clear
region, respectively.

Following Battaglia et al. (2020a), a radar simulator is cou-
pled to numerical model outputs to map the cloud and rain
microphysics at the fine model grid scale to what radars and
radiometers with different footprints would observe. Nadir-view
Tb and hydrometeor extinction are first computed at the model’s
native resolution and then convolved with a two-dimensional
Gaussian antenna gain pattern with varying 3-dB beamwidths.
The footprint radius is perturbed from 0.1 to 2 km to evaluate
the NUBF effects. Further details are provided in section 3b.

Simulations of Cu and Sc are produced using different
cloud models. Despite variations in model setup, both simula-
tions are representative of the target cloud scenes at suffi-
ciently fine resolutions. As shown in Fig. 2, Cu clouds are
organized in small clusters with generally larger CLWP rela-
tive to Sc, consistent with observations in nature. The cloud
properties of Cu can vary significantly within 1 km, making
them challenging to observe with GPM and even CloudSat
(Fig. 2a). The cloud variability at scales smaller than the radar
footprint is smoothed and challenging to resolve due to the
NUBEF effect. Earth Cloud, Aerosol, and Radiation Explorer
(EarthCARE) radar, with an IFOV of 700 m, is anticipated to
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FIG. 3. An example period of (a) cloud and (b) rain liquid water content from the Sc simulations at model resolu-
tions. Solid and dash lines in magenta indicate CLWP and RLWP, respectively. (c) The 238-, 94-, and 35.5-GHz for-
ward computed Tbs. (d) Forward computed PIA at the same frequencies. In (c) and (d), the dash lines in teal repre-
sent TLWP. (e) Columnar rain D,,. (f)-(j) Asin (a)—(e), but for Cu scene simulations.

provide new insights into Cu from space. In contrast, drizzling
Sc exhibits smaller LWP variance, with most profiles contain-
ing TLWP less than 500 g m~2. Their broader horizontal ex-
tent is also a key factor in mitigating biases caused by NUBF.

Figure 3 presents an example cross section of microphysics
and forward-simulated Tb and PIA at model resolution from
the Sc scene. PIA is strongly correlated with TLWP, with
238 GHz showing the highest sensitivity. The clear-sky Tb
increases with frequency; at 238 GHz, it exceeds 270 K,
leaving a narrow margin for an enhanced emission signal in
regions containing hydrometeors.

a. Cloud model simulations

The shallow cumulus field was simulated based on observa-
tions from the Rain in Cumulus over the Ocean (RICO) field
campaign, which was conducted around the islands of Antigua
and Barbuda from December 2004 to January 2005. The pri-
mary goals of RICO were to investigate how precipitation forms
in shallow cumulus clouds and how it affects both individual
cumuli and the broader cloud field (Rauber et al. 2007). Simu-
lations for the present study were produced using the System for
Atmospheric Modeling (SAM; Khairoutdinov and Randall 2003),

with a two-moment Morrison microphysics scheme (Morrison
et al. 2005). An exponential distribution was assumed for the
rain drop size distributions (DSDs) with the intercept param-
eter (Np,) set to be 8 X 10° m™* (Marshall and Palmer 1948).
The size of the domain was 57.6 X 57.6 X 4.8 km?>, with hori-
zontal and vertical model resolutions fixed at 100 and 40 m,
respectively.

For the Sc regime, large-eddy simulations were generated
using the Distributed Hydrodynamic Aerosol and Radiative
Modeling Application (DHARMA) model (Ackerman et al.
2004; Zhou et al. 2018). The initial wind and thermodynamic
profiles were composited from measurements during the sec-
ond research flight of DYCOMS II (Stevens et al. 2003). The
domain size was 60 X 60 X 1.5 km>. The horizontal grid spac-
ing is 300 m, which is slightly coarser than the RICO simula-
tions but significantly smaller than the footprints of most
spaceborne radars. The difference in horizontal resolution be-
tween Sc and Cu simulations may affect the results, though
the impact is considered small, as a relatively coarser resolu-
tion is sufficient to capture the variability of Sc. The vertical
grid spacing was height dependent to allow for finer resolu-
tion near the surface. The microphysics scheme used was a
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CloudSat, CALIPSO, and coincident reanalysis data. (b) As in (a), but for Cu. The red asterisks indicate the median
of SST and IWYV for the two cloud model simulation datasets adopted in this study.

modified version of the two-moment Morrison scheme, adapted
to improve representations of supersaturation and cloud droplet
activation (Morrison and Grabowski 2008), consistent with the
original focus on cloud-aerosol interactions in Zhou et al. (2018).
Cloud droplet number concentration was prescribed at 10 cm ™2,
which is within the characteristic range of open-cell Sc observed
over the southeast Pacific Ocean (Wood et al. 2011). A gamma
distribution was assumed for the rain DSDs with the shape
parameter fixed at 3 (Testud et al. 2001).

The 32-h simulation included a spinup period of approximately
3 h, after which the cloud field reached a quasi-steady state. The
temporal evolution of domain-averaged LWP (~60 g m~2), cloud
cover (~0.5), and surface precipitation (~1 mm day ') remained
minimal. Hence, simulations at 16.5 and 24 h are used for the
current study.

Cu and Sc occur in distinct environments characterized
by a broad spectrum of sea surface temperature (SST) and
integrated water vapor (IWV). Using a year of CloudSat,
CALIPSO, and reanalysis data (2B-CLDCLASS-LIDAR,
2C-PRECIP-COLUMN, and ECMWF-AUX), the frequency
distributions of SST and IWV conditions in Sc and Cu regimes
are estimated (Fig. 4). Cu formation is more favored in warmer
and more humid conditions. The red asterisks in the figure indi-
cate the median SST and IWV values from the cloud model
simulations used in this study. These model datasets are rep-
resentative of a subset of maritime low clouds frequently ob-
served in nature. Accordingly, while the magnitudes inferred
from our error analysis are specific to the simulations used,
the broader conclusions are expected to hold more generally.

b. Radiation forward model

The scattering and extinction properties of cloud and rain-
drops are computed using Mie theory (Bohren and Huffman
1983). The model proposed by Ellison (2007) is used to calcu-
late the complex refractive index of water. Gaseous absorption
is treated with the model from Rosenkranz (1998). Microwave
brightness temperatures are computed using the two-stream

Eddington approximation (Kummerow 1993). Surface reflec-
tion is treated with the Fresnel model for the ocean surface.
The salinity is set to be constant at 35 g kg™ '. The normalized
backscatter cross section at surface is estimated as a function of
SST and 10-m wind speed according to Wu (1990).

4. Results
a. TLWP retrieval uncertainties

The uncertainties of TLWP (ot wp) inferred from Tb or
PIA are modulated by several factors, including instrument
precisions (o, and opra), the sensitivity of the observation to
TLWP (STb and Spra), and the natural variabilities in the rela-
tionships between the forward simulated observations and
TLWP. The natural variability in the clear-sky pixels, denoted
by 6Tb . and dy, A, €0 be influenced by columnar water
vapor, SSTs, and surtace winds. In addition, the variability in
cloudy regions (BT’) and Spra) is subject to hydrometeor
DSDs and their vertical profiles. Together with sensitivity,
these three sources of uncertainty are propagated to estimate
orLwp via the following formulations as in Lebsock and Suzuki
(2016), where the subscript freq indicates the operating frequency:

\/o% + 8 + 8

_ b b,clear,freq b,freq 4

OTLWP freq S > 4
T),.freq

2 2
\/O%IA + 5P1Adw,freq + BPIA,freq

OTLWP freq S (%)
PIA freq

Lebsock and Suzuki provided an estimation for orpwp re-
trieved from the 94-GHz Tb or PIA using large-eddy simula-
tions based on the RICO dataset. In this study, we extend the
quantitative analysis to include orp wp estimates inferred from
35- and 238-GHz observations and consider two marine low
cloud regimes: Cu and Sc. The o'r wp is assessed assuming re-
trievals from a single-frequency Tb or PIA. The S T, and Spia
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(a) and (b), but for the Tb. (c) The median and standard deviations of columnar rain Dm for a given TLWP. (f) The

median of CLWP and RLWP for a given TLWP.

are calculated using a finite-difference approximation with a
perturbation of 20 g m > TLWP.

Figures 5a, 5b, 5d, and 5e show the various terms contribut-
ing to Egs. (4) and (5) as a function of TLWP. Instrument pre-
cision does not vary with TLWP, whereas natural variability
and the sensitivity of PIA and Tb to TLWP depend on the op-
erating frequency and the TLWP magnitude. As such, 57,,a
dp1a, S, and Spra of each frequency are displayed as a func-
tion of TLWP that is binned logarithmically (Fig. 5). The STb
and Spja are calculated as the medians of data points within
every bin, while 8; and 6pja are calculated as the standard
deviations within each bin. The ST/)’M and &p; A,, € estimated
by first calculating the standard deviations of clear-sky Tb (PIA)
within =25 km of a cloudy profile and then taking the median of
every TLWP bin.

The detailed information of the columnar rain Dm, CLWP,
and RLWP are displayed in Figs. Sc and 5f, respectively, as
hydrometeor DSDs that are largely affected by rain occur-
rences are also a key factor in regulating the sensitivity of ob-
servation to TLWP. The columnar rain Dm provides a
characteristic size estimation for the entire column, which is
defined as the total of rain Dm weighted by the corresponding
rainwater mass at each cloudy level in the column.

We first focus on the sensitivity of the observations to
changes in TLWP. As shown in Fig. 5a, Spjs increases with
frequency monotonically. Provided the same TLWP of 20 gm ™2,
PIA for the Sc scene at 35, 94, and 238 GHz is 0.04, 0.17,

and 0.55 dB, respectively. When TLWP is small and CLWP
dominates, Spja is practically invariant with TLWP, governed
by the linear dependence of extinction on cloud mass content.
The small difference regarding Spia between Sc and Cu is
likely caused by the different cloud temperatures. As TLWP
and RLWP increase, Spia 233 is the first to rise due to the fact
that at G band, drops with radius larger than 100 um are al-
ready almost a factor of 2 more efficient than small droplets in
extinguishing radiation (Fig. 1). The growth of Spa 235 accel-
erates with the presence of bigger raindrops (Fig. 5¢) that re-
sults in amplified extinction. The disparity of Spra 235 between
Sc and Cu increases with increasing TLWP, which can be asso-
ciated with the growing contribution of rain component for Sc
while RLWP remaining about 10% of TLWP for Cu (Fig. 5f).
In contrast to Spia, S 1, tends to decrease with the increasing
TLWP, as T, values are prone to saturation with the growing
LWP. Higher-frequency 7, values are more susceptible to gas-
eous emission (primarily water vapor, Table 1) and to higher
ocean nadir emissivities. As a result, the baseline 7} values
where clouds and precipitation are absent increase with fre-
quency (Fig. 3c), leading to a reduced dynamical range of T}
values when moving from clear to heavy precipitation. As evi-
dent in Fig. 5d, the clear-sky 7} ,3s for tropical Cu (red dash
line) is already too warm to allow for any sensitivity to hydro-
meteors. Therefore, T}, 233 affords basically no constraints for
low-level liquid clouds in the tropics, though it can be infor-
mative in colder and drier environments. For that reason,
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TABLE 1. The median and interquartile range (IQR) of two-
way water vapor attenuation (dB) in cloudy and clear sky of Cu
and Sc model simulations.

238-GHz 94-GHz 35-GHz

median/IQR median/IQR median/IQR
Cloudy (Cu) 27.5/0.97 4.0/0.14 0.89/0.024
Clear (Cu) 26.67/0.82 3.9/0.12 0.87/0.021
Cloudy (Sc) 8.3/0.27 1.22/0.039 0.29/0.007
Clear (Sc) 8.0/0.17 1.19/0.025 0.28/0.004

further quantitative estimations are omitted for 7} »3g in this
study. Similarly, the distinctions of ST at the same frequency
between subtropical Sc and tropical Cu are mainly attribut-
able to environmental humidity (thus of different baseline
levels). For instance, clear-sky T} 94 for Sc is around 212 K,
while clear-sky T} 94 for Cu is 245 K on average (Fig. 3h), im-
plying the diminished dynamical range for Cu. Also notice-
able is the significant decline of § 7,94 when TLWP is in excess
of 100 g m ™2, whereas S 1,35 sustains. It verifies the superiority
of Ty 35, when the target shifts to the regime dominated by the
rain size drops.

We now consider the natural variability in the relationships
between the observables and the TLWP. The higher-frequency
Op1a 18 consistently more pronounced than the lower-frequency
Spia below the TLWP of 200 g m ™2 for the same cloud scene
(Fig. 5b). Occasionally, this frequency dependence can be
reversed when Dm is in the range of maximum extinction
efficiency for a lower frequency (e.g., Fig. 1). This effect can be
seen in Fig. 5b comparing 8pja o4 (blue dash line) and Spia 238
(red dash line), as columnar rain Dm grows to ~600 um
(Fig. 5¢). Also note that for Cu, the ratio between CLWP and
RLWP is consistently ~9:1 regardless of the TLWP amount,
whereas the fraction of water in the rain mode increases as
TLWP increases for the Sc case (Fig. 5f). The variations of
Opia 94 and Sppa 35 with TLWP appears to strongly covary with
columnar rain Dm. The large-size raindrops associated with
higher standard deviations within bins are indicative of more
variable and broader DSDs with increasing TLWP in Cu,
giving rise to greater dpja and 6, 7, relative to Sc.

We now turn to evaluate the 1mpact of measurement accu-
racy on the TLWP retrieval uncertainties via perturbations
(e.g., Zhao et al. 2014). The measurement accuracy is per-
turbed from 0.25 to 4 K and from 0.1 to 0.3 dB for Tb and
PIA, respectively. For reference, CloudSat CPR has a 0.16-dB
precision for PIA and 4-K precision for Tb. Since CloudSat
utilized the radar noise to generate an experimental product
of Tb, it sets an upper bound for Tb measurement accuracy.
Independent radiometers and future radar systems are ex-
pected to have better accuracy.

Across all three frequencies, relative o wp tends to decrease
with larger TLWP (Figs. 6 and 7). In comparison with Cu, Sc
appears to be better constrained from a single-frequency Tb or
PIA due to its overall smaller natural variability and higher ob-
servational sensitivity to TLWP. For instance, o wp is <15%
in Sc and above 60% in Cu at the same TLWP of 200 g m ™2 us-
ing 94-GHz PIA provided the identical instrument accuracy of
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0.1 dB (red lines in Figs. 6b,e). In addition, higher-frequency ob-
servation outperforms the counterpart at lower frequency. For
shallow cumulus in particular, the availability of G-band PIA
would substantially improve the retrievals of TLWP, permitting
the inference of TLWP with 50% uncertainty down to 70 g m >
(vs 525 g m~2 with W-band PIA, Table 2, Figs. 6a,b). Consider-
ing a retrieval target at 50%, the 94-GHz Tb can outmatch the
238-GHz PIA in Cu, if both are provided with their optimal ac-
curacy (Table 2).

However, it is worth noting that the constraints from Tb
are contingent on instrument accuracy for the range tested.
There is a significantly wider spread of o1 wp between the
lowest (purple lines in Figs. 6 and 7) and highest (red lines in
Figs. 6 and 7) instrument precision in Tb-based relative to
PIA-based retrievals, implying that the instrument error of
Tb can have a more important role in driving ot wp. Increas-
ing Tb precision from 0.25 to 2 K induces a jump of relative
orLwp at 35 g m~ 2 TLWP from 50% to 90% (Fig. 7a). At a
given TLWP, the change in orpwp With instrument precision
increasing from 0.25 to 1 K is relatively small and becomes
more substantial as the precision exceeds 1 K.

As exemplified in Fig. 5d, ST can be strongly dependent on
the environmental conditions, and the degree of such depen-
dence increases with frequency. Combining the CloudSat,
CALIPSO, and reanalysis data (2B-CLDCLASS-LIDAR,
2C-PRECIP-COLUMN, and ECMWF-AUX), an estimation
on global scale is provided regarding how ST within the
cumulus regime varies with IWV and SST (Fig. 8) The ST is
primarily a function of IWV and presents a secondary depen-
dence on SST, though evidently the two factors covary. As
moving toward the tropics, the Tb sensitivity to TLWP is
dampened at all three frequencies. The ST at 238 GHz is
most susceptible to the transition of enVlronment declining
from a maximum of 0.35 in cold and dry atmosphere to very
small values in humid and warm environment (Fig. 8a). The
Ty 238 has larger sensitivity than 7}, 94 where IWV is <10 kg m 2
(asterisks in Fig. 8a). In addition, S, decreases as TLWP in-
creases. The loss of sensitivity with growmg TLWP is also more
pronounced at higher frequencies. At TLWP of 100 g m ™2, Tj.o4
would offer the optimal constraints among the three frequen-
cies considered, given its superior sensitivity in almost all en-
vironmental conditions.

b. Biases due to NUBF effects

NUBEF effects are potentially one of the major sources of
biases in spaceborne remote sensing retrievals (Durden 2018;
Short et al. 2015; among others), the magnitude of which de-
pends on instrument footprint size, operating frequency, and
the cloud heterogeneity within the IFOV. NUBEF biases ema-
nate from the fact that the relationships between observa-
tions and geophysical variables are nonlinear and often
cloud and precipitation only partially fill the footprint. Given
the impact of NUBF appears nearly negligible for the Sc
simulations considered, the discussion here will be focused
on the Cu regime.

As proposed in Battaglia et al. (2020a), the “true” PIA and
the observed SRT-based PIA that is subject to the NUBF ef-
fect can be expressed as follows:
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FI1G. 6. Relative uncertainties of TLWP in Cu retrieved from PIA at (a) 238, (b) 94, and (c) 35 GHz. (d)—(f) As in (a)—(c),
but for Sc. Relative o' wp is defined as oy wp scaled by TLWP in percentage.

H GA(O)pia(Q)d0
PIA. . =2 - , (6)
J G2 (Q)dQ
Q
G2(Q)exp[—pia(Q)/4.3431d || G2(Q)aq
PIASRTzlologi)H” I } (7

where G indicates the two-way antenna gain and () indicates
the direction within the footprint to integrate. The PIAggT is
consistently smaller than PIA,,., unless hydrometeor prop-
erties are homogeneous and pia({}) do not vary within the
IFOV.

Results are shown in Figs. 9 and 10. As displayed in Fig. 9,
the biases due to NUBF are already evident at 1-km footprint
across all the frequencies considered for the RICO-like cumulus.
The 1 km is slightly smaller than the footprint of CloudSat CPR,
and we expect less NUBF for the EarthCARE CPR with its
footprint of 0.7 km. The biases in PIA are always negative with
magnitude increasingly more pronounced at higher frequency.
Also revealed is the reduced range of PIAggrt relative to PIA e,
as a consequence of the underfootprint-scale cloud variability
being smoothed out.

The biases are further examined as a function of footprint-
averaged TLWP (TLWP), which is computed by convolving
model-resolution TLWP with one-way antenna gain function.
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FIG. 7. As in Fig. 6, but for 94- and 35-GHz Tbs.

Figures 10a—c present the median difference between PIA .
and PIAggt within each bin of TLWP. The radius of the foot-
print is perturbed from 0.1 to 2 km. The biases are commensurate
with footprint size and also monotonically increase with TLWP.
The bias of 238-GHz PIA at 400 g m 2 is about —13 dB,
whereas that bias at 35.5 GHz is less than —2 dB. Nevertheless,
the frequency dependence of the magnitude of the NUBF effect
on the derived TLWP reverses when their differing sensitivity is
taken into account. Specifically, in Figs. 10d—f, the sensitivity of
PIA to TLWP (Fig. 5a) is used to propagate the NUBF error in
observation to retrievals. The fact that G band is far more sensi-
tive than Ka band results in the maximum biases in relative error
of TLWP is about —120% at G band and reaches —250% at Ka
band. It is emphasized the advantage that the G band can bring
in terms of deriving TLWP from radar observations.

As for brightness temperature, Tby,,. is computed by first
convolving the hydrometeor extinction with the Gaussian

TABLE 2. The minimum TLWP (g m~2) where relative uncer-
tainties o wp meet a target of 50% provided the optimal instru-
ment accuracy (0.1 dB for PIA and 0.25 K for Tb).

238 GHz 94 GHz 35 GHz
Tb (Cu) — 35 150
PIA (Cu) 70 525 —
Tb (Sc) — 17 30
PIA (Sc) 20 48 260

antenna gain function and then conducting the radiative
transfer calculations of Tb. The observed Tb that is under
NUBEF effect is obtained by averaging the model-resolution
Tb with antenna gain. Similar to PIA, NUBF causes Tb and
consequently retrieved TLWP biased low. A causal factor that
differentiates the behavior of Tb from PIA is the tendency of
higher-frequency Tb to become saturated and thus less sensitive
with increasing TLWP. The 35.5-GHz sensitivity exceeds that of
94 GHz around TLWP of 400 g m ™2 (Fig. 5d). The saturation of
Ty 04 1s also reflected in Fig. 11. Tb biases due to NUBF are less
significant at lower frequency when TLWP is small (e.g.,
<250 g m~?). As TLWP continues to grow, 94-GHz Tb biases
approach an asymptote, whereas 35.5-GHz biases keep rising.
The aforementioned factors also confound the NUBF effect
translated into the retrieved TLWP. The contrast of Tb-derived
TLWP error between W and Ka band (Figs. 11c,d) is much
less dramatic than the PIA-based TLWP error (Figs. 10e,f).

5. Summary

Spaceborne radar reflectivity observations are essential for
advancing our understanding of low-level marine clouds and
their associated precipitation. However, these observations
often provide incomplete vertical profiles of cumulus (Cu)
and stratocumulus (Sc) clouds due to limited radar sensitivity,
surface clutter contamination, and the shallow vertical extent
of such clouds (Burns et al. 2016; Lamer et al. 2020).
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FIG. 8. (a)~(c) The frequency distribution of 238-, 94-, and 35-GHz Tb sensitivity estimated at TLWP = 0 g m™ 2 in single-layer Cu ob-

served by CloudSat and CALIPSO as a function of SST and IWV. White markers in (a) represent where 238-GHz Tb is more sensitive

than 94-GHz Tb. (d)—(f) As in (a)~(c), but at TLWP = 100 g m 2.

To better characterize the aerosol-cloud-precipitation
interactions in these cloud systems, coincident estimates of
total liquid water path (TLWP) derived from path-integrated
attenuation (PIA) and brightness temperature (Tb) measure-
ments are needed. These estimates must be obtained with high
sensitivity—to capture the full range of TLWP values—and
at high spatial resolution to mitigate nonuniform beamfilling
(NUBF) effects. NUBF can introduce substantial biases in
TLWP retrievals, particularly for Cu clouds, which exhibit
small-scale spatial variability that is poorly resolved by the
large footprints of traditional microwave radiometers.

In this study, we consider future spaceborne radar systems,
such as NASA’s Atmosphere Observing System (AOS; Vane
et al. 2022), that include in the radar design a dedicated
radiometric mode that will enable the measurement of the
Tb corresponding to the same antenna field of view, with

238 GHz beamR=500m

94 GHz beamR=500m

sufficient accuracy to improve on the PIA estimate. The
performance of Tb and PIA measurements at the same fre-
quency, conducted by a radar-radiometer system at three
different radar bands: G-, W-, and Ka band, is investigated
here. A comprehensive radar-radiometer simulator and high-
resolution cloud resolving model simulations are used to
quantitatively assess how the retrieval uncertainty of TLWP
in Cu and Sc is modulated by the instrument accuracy level,
the sensitivity of Tb or PIA to TLWP, and the natural vari-
ability in relationships between forward calculated observa-
tions and TLWP. The instrument accuracy of Tb and PIA
is, respectively, perturbed from 0.25 to 4 K and from 0.1 to
0.3 dB to demonstrate the impact of precisions. Individual
experiments were conducted for 238-, 94-, and 35.5-GHz Tb
and PIA. In addition, the high resolution of cloud model
outputs allows the evaluation of the biases introduced by

35.5 GHz beamR=500m
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FIG. 9. Density plot of SRT PIA vs true PIA at 3-dB footprint of 1 km with all the Cu simulations for (a) 238, (b) 94, and (c) 35.5 GHz.
Red lines indicate the 1-to-1 line to manifest the biases. The beamR is the footprint radius.
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FI1G. 10. The bin median of PIA biases as a function of footprint averaged TLWP for (a) 238, (b) 94, and (c) 35.5 GHz. Colors indicate
the radius of 3-dB footprint as specified in legend. Bins with less than 200 samples are omitted. (d)-(f) As in (a)—(c), but for relative error
of retrieved TLWP in percentage.

NUBEF effects at different footprint sizes. The main findings 35-GHz Tb becomes useful primarily in conditions with
are as follows: large amounts of LWP and precipitation.
In terms of TLWP retrievals, drizzling stratocumulus clouds

e The availability of G-band PIA could extend the capability ;
of detecting smaller TLWP and significantly reduces the appear to be better constrained than cumulus clouds, as a result

TLWP retrieval uncertainties, particularly for Cu. The PIA of both their overall lower variability in drop size distribution
sensitivity to TLWP increases by a factor of 3 at 238 GHz (DS]_)) and the greater sens.itivity of obs?,r\fations to TLWP. )
compared to 94 GHz. For example, for a TLWP of 40 g m 2, The increase in TLWP retrieval uncertainties due to the deteri-
the PIA at 94 and 238 GHz is estimated to be <0.4 and oration of instrument accuracy varies significantly with TLWP
>1 dB, respectively. Considering that the uncertainty in for Tb-based retrievals (Fig. 7), whereas its dependence on
the estimation of the PIA for CloudSat is ~0.7 dB, this sug- TLWP for PIA-based retrievals is minimal. This implies that in-
gests that such small TLWP amounts are only detectable strument precision is more critical for Tb-based retrievals than
by the 238-GHz PIA. Moreover, a target retrieval uncer- for PIA-based retrievals, particularly at low TLWP values.

tainty of TLWP at 50% can be achieved with 238-GHz PIA ~ * NUBF effects lead to negative biases in PIA, Tb, and con-

at TLWP as small as 70 g m 2. sequently in the retrieved TLWP. These biases tend to in-

o The sensitivity of the Tb values to TLWP is the result of the crease with both footprint size and TLWP. It is important
interplay between two factors: 1) how cold is the baseline to note that a large bias in the observation does not neces-
clear-sky Tb which is colder at lower frequencies and in drier, sarily translate into a large bias in the retrieval. In the case
colder environments and 2) the extinction coefficient of liquid of the Cu regime, NUBF can induce biases in 238-GHz
particles per unit mass, which increases with frequency. Over- PIA that are up to 8 times greater than those at 35 GHz.
all, the 94-GHz Tb exhibits the highest sensitivity to TLWP Nevertheless, the corresponding biases in TLWP are largely
for most Cu and Sc clouds across the full range of tempera- mitigated by the high sensitivity of the 238-GHz channel,
ture and humidity conditions in which these clouds typically resulting in comparable—or even smaller—biases in the re-
form. The sensitivity of 238-GHz Tb surpasses that of 94 GHz trieved TLWP. When compared to PIA at the same frequency,
only in very dry and cold environments—specifically, where NUBF-induced biases in Tb appear to be better contained for
integrated water vapor is less than 10 kg m~2. In contrast, TLWP values exceeding 100 g m™2.
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FIG. 11. Asin Figs. 10b, 10c, 10e, and 10f, but for Tb.

Optimal retrievals will employ a multifrequency approach
that leverages both PIA and Tb measurements. This strategy
exploits the strengths of each observation type, including their
regime-dependent sensitivity, uncertainty characteristics, and
dynamic range. Retrievals that combine multifrequency ob-
servations are also better equipped to capture the underlying
hydrometeor DSDs, thereby improving the partitioning be-
tween coexisting cloud and precipitation.

Finally, we consider the impact of the presented work in
current and planned spaceborne radar missions. The recently
launched Earth Cloud, Aerosol, and Radiation Explorer
(EarthCARE) satellite mission features a highly sensitive
94-GHz radar with enhanced low-level detection and Doppler
capability (Illingworth et al. 2015; Kollias et al. 2014, 2022).
While the Doppler measurements are expected to improve
the detection of precipitation size particles, the EarthCARE
Cloud Profiling Radar (CPR) will still face limitations in char-
acterizing the TLWP.

The newly selected Wind Velocity Radar Nephoscope
(WIVERN) mission, part of the European Space Agency
(ESA) Earth Explorer 11 program, takes this a step further

by incorporating a radar-radiometer mode into a 94-GHz
conically scanning Doppler radar system (Illingworth et al.
2018). With a 500-MHz receiver bandwidth and a 3-m antenna
dish, the WIVERN mission is expected to provide 94-GHz Tbs
at a 600-m footprint resolution and with better than 0.5-K mea-
surement accuracy. Together, the WIVERN and EarthCARE
missions will provide spaceborne W-band radar observations
for at least the next 15 years.

The present analysis further suggests that even a well-
designed radar-radiometer system—such as that implemented
on WIVERN-—may not be sufficient to achieve accurate TLWP
retrievals across the full dynamic range of atmospheric condi-
tions. A logical next step would be to complement the W-band
observations with a G-band radar-radiometer system operating
in formation with these ESA Earth Explorer missions. Due to
its short wavelength and low peak power transmitters available
at this frequency, the G-band radar radiometer will have a small
size, weight, and power (SWaP) footprint and thus offer an
attractive, cost-effective technology to deploy in space. This
dual-frequency configuration would offer the benefits of com-
plementary PIA and Tb measurements at two frequencies, as

Unauthenticated | Downloaded 04/06/26 08:09 AM UTC



APRIL 2026

well as differential signals from hydrometeor layers (Socuellamos
et al. 2024; Lamer et al. 2021; Battaglia and Panegrossi 2020; Xu
et al. 2019).
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