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Feasibility of Liquid Water Path Estimation of Over
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Abstract— We investigate the feasibility of a method of esti-
mating liquid water path (LWP, the sum of LWPs of cloud and
rain) over land using satellite-based Ka-band passive microwave
measurements. Specifically, we utilize brightness temperatures
at 36.5 GHz (TB36) from the Advanced Microwave Scanning
Radiometer for the Earth Observing System (AMSR-E). TB36
is appropriate for liquid-only estimation as it is less affected
by ice scattering compared to higher frequency measurements.
However, estimating LWP over land using TB36 is challenging
due to weak cloud signals and strong and heterogeneous land
radiation in TB36. To address this, our method (Le36) dynam-
ically estimates land emissivity using lower frequency (6.9 and
10.7 GHz) measurements from AMSR-E, minimizing land radi-
ation errors. Synthetic simulations indicated that Le36 has high
performance in cases of a wide range of LWPs (∼8 kg/m2) for
cloud-only cases and a range of about 1.5∼8.0 kg/m2 for cloud-
plus-rain cases if the cloud top (CT) height is appropriately
set. For cases without suitable CT settings, emphasis should be
placed on high-CT clouds (>8000 m). In real-case applications,
Le36 estimates showed reasonable agreement with independent
cloud radar products, even over land. Furthermore, a comparison
between Le36 and a method using 89.0 GHz (Le89) reveals that
Le36 outperforms Le89 for liquid-only estimation, while estimates
from Le89 include ice scattering effects. This study highlights the
promising performance of Ka-band LWP estimation over land
by mitigating the ice scattering effect and suggests the potential
for more detailed cloud water content estimation using the TB36-
TB89 difference.

Index Terms— Dynamic land emissivity, Ka-band, liquid
water path (LWP) estimation over land, satellite-based passive
microwave remote sensing.

I. INTRODUCTION

CLOUD and precipitation systems are composed of numer-
ous hydrometeors, which are classified based on phase

and particle size into categories such as liquid cloud, ice cloud,
liquid precipitation (rain), and ice precipitation particles. The
characteristics of a cloud and precipitation system—including
the extent to which it develops and persists, whether it
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causes precipitation, and how strong such precipitation may
be—are determined by the total amount and spatial distribu-
tion of water within the cloud system and the distribution
of that water content among hydrometeor types within the
cloud system [1], [2].

Because the features of rainfall carried by a cloud system
can vary depending on the distribution of water particle types
within the cloud system, even with the same total water
content, the amounts of water in each type of hydrometeor
are essential variables that constitute initial conditions for
rainfall prediction. Furthermore, such variables are vital for the
comprehension of cloud and precipitation processes, as well
as the evaluation of rainfall prediction models. Thus, accurate
observation data concerning the amounts of cloud water in
each type of hydrometeor are desirable.

Currently, satellite-based remote sensing is widely used
to estimate the vertically integrated liquid water content of
cloud and precipitation systems [liquid water path (LWP)]
because of its superior temporal coverage, spatial coverage,
and data homogeneity. LWP can be empirically estimated from
optical depth retrieved from infrared observation; however,
this method can be applied to only the case of thin clouds
(LWP∼0.1 kg/m2) [3]. For the estimation of clouds with a
wide range of LWP including large values (nearly several kilo-
grams per square meter), there is a need to utilize microwaves
that have the ability to penetrate large cloud systems, such as
cumulonimbus systems. Thus, many studies have developed
estimation algorithms that use satellite microwave measure-
ments (e.g., [4], [5], [6]).

However, accurate estimation of water content in cloud
and precipitation systems remains particularly challenging [7],
[8]. Initially, clouds over land are generally excluded from
satellite-based LWP estimation because the large spatiotem-
poral variations and uncertainties in land radiation obstruct
the accurate estimation of LWP over land [9]. Accordingly,
various LWP-related products, including the standard prod-
ucts of satellite radiometers, such as the Special Sensor
Microwave Imager/Sounder, the Advanced Microwave Scan-
ning Radiometer 2 (AMSR2), and the Advanced Microwave
Scanning Radiometer-EOS [10], [11], [12], [13], [14], are
available only over the ocean. The lack of LWP data over the
Earth’s entire land surface is a critical challenge in monitoring
LWP, improving initial conditions, and evaluating models for
rainfall predictions. Thus, a method for LWP estimation over
land is urgently needed.

A few studies [15], [16] have estimated LWP over
land using satellite-based microwave measurements, which
involve high-frequency (approximately 90 GHz) microwaves,
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including relatively strong signals from hydrometeors within a
cloud system. However, LWP estimation at these frequencies
contains nonnegligible errors related to the scattering effect of
ice particles [15]. This scattering effect is the second factor
that contributes to high difficulty in LWP estimation. Seto
et al. [16] designed a method for the estimation of LWP
over land using satellite-based passive microwave brightness
temperatures of 6.925, 10.65, 23.8, and 89.0 GHz (TB6,
TB10, TB23, and TB89), with simultaneous estimation of
land and atmospheric states (e.g., soil moisture, LWP, water
vapor, and air temperature) based on optimization techniques
(hereafter, this method is called Le89). The method suc-
cessfully obtained reasonable LWP retrievals over land at
several-kilometer resolution by dynamically representing land
emissivity based on the soil moisture distribution that had
been optimized by simultaneous satellite measurements. Nev-
ertheless, those authors estimated LWP using TB89 assuming
only liquid cloud water; they generated hydrometeors in other
classifications (rain, ice cloud, and ice precipitation) using an
atmospheric model that was implemented after estimation and
assimilation. Thus, their method also included errors in LWP
estimation related to the large effects of ice scattering.

In contrast, Ka-band microwave measurements are not sub-
stantially affected by ice scattering. Thus, for liquid-only esti-
mation of water content within clouds, Ka-band microwaves
are more appropriate. However, microwaves at these fre-
quencies contain smaller cloud signals than microwaves at
89.0 GHz; accordingly, it is much more difficult to estimate
LWP using Ka-band microwave measurements without higher
frequency measurements (i.e., approximately 89.0 GHz), par-
ticularly over land.

With this background, the aim of this study is to examine the
feasibility of a method for estimation of LWP over land using
satellite-based passive microwave brightness temperatures at
36.5 GHz (TB36), which is included in the Ka-band, without
temperatures at higher frequencies (e.g., 89.0 GHz). By using
TB36 and removing the ice scattering effect, we develop a
more accurate LWP estimation method over land.

In the following, we first confirm the basic characteristics
of interactions between microwaves and hydrometeors through
theoretical and simulation-related considerations to develop
the idea of LWP estimation over land using TB36 and then
examine possible strategies for LWP estimation with minimal
effects related to ice scattering over land. Based on the strate-
gies, we developed a new method for estimating LWP over
land with TB36 (hereafter, this estimation method is called
Le36). Then, we determine the scope of applications and the
limitations of Le36 by conducting synthetic simulations and a
sensitivity study. Finally, we evaluate the performance of Le36
by applying it to real cases of thick clouds and precipitation,
and then comparing the estimation results of Le89 and Le36
with estimates from independent satellite cloud radar products.
Based on these evaluations, we discuss the feasibility of LWP
estimation over land with TB36, along with future challenges
and perspectives.

II. BASIC CONCEPT OF LWP ESTIMATION OVER LAND
USING SATELLITE-BASED MICROWAVE MEASUREMENTS

In this section, we first describe the basic idea of LWP
estimation over land using satellite-based passive microwave

measurements, on which the Le36 and Le89 methods
are based. We also describe the features of interactions
between microwaves and hydrometeors through theoretical
and simulation-related considerations, with a focus on surface
type and polarization dependence. Based on these features,
we examine the methodology for estimating LWP over land.

A. Simultaneous Estimation of Land State and LWP Using
Satellite-Based Passive Microwave Measurements

Microwaves observed using satellites contain signals of
the Earth’s surface and atmosphere, including cloud particles.
Emissivity in the microwave region and its heterogeneity are
generally much higher for the land surface than for the ocean.
This difference makes an accurate representation of land
radiation and accurate LWP estimation much more difficult
over land than over the ocean.

Materials that strongly affect microwave radiation can be
remotely sensed using microwaves; the sensitivity of inter-
actions between microwaves and materials depends on their
wavelengths. Low-frequency microwave radiation (several to
ten of gigahertz) does not extensively interact with the atmo-
sphere or hydrometeors; thus, it is suitable for the estimation of
land conditions with minimal influence from the atmosphere.
Microwave radiation at approximately 23 GHz is generally
absorbed well by water vapor and affected by hydrometeors,
whereas interactions with hydrometeors become apparent at
frequencies above ∼30 GHz [17].

Based on these characteristics, LWP estimation over
land utilizes the frequency dependence of interactions of
microwaves with hydrometeors and land states as follows.
Initially, the land state is optimized through the estimation
of soil moisture using low-frequency microwaves (6.925 and
10.65 GHz). From the optimized land state, land radiation at
higher frequencies (23.8, 36.5, and/or 89.0 GHz) is physically
calculated using a radiative transfer model (RTM) of land
to provide background information for satellite-based LWP
estimation. Then, LWP over land is estimated from mea-
surements at a water vapor-sensitive frequency (23.8 GHz)
and cloud-sensitive frequencies (89.0 or 36.5 GHz), which
are obtained concurrently with low-frequency microwave data.
In this methodology, we do not directly use the emissivity at
lower frequencies, nor do we rely on statistical values, such as
climate value, of emissivity. Instead, these procedures provide
dynamic land emissivity, enabling the estimation of LWP
with high accuracy even over heterogeneous land surfaces by
simultaneous estimations of land and atmosphere.

B. Interactions Between Hydrometeors and Microwaves
Interactions between microwaves and hydrometeors are

determined by their electromagnetic characteristics and the
sizes of hydrometeors relative to microwave wavelengths.
Hydrometeors emit and absorb microwaves depending on their
temperature and water content, and they scatter microwaves
depending on their size and shape.

Most cloud particles are smaller than ∼0.01 mm in diam-
eter. Thus, for interactions between cloud water particles
and microwaves at most wavelengths, the Rayleigh scattering
approximation can be applied. Because the imaginary com-
ponent of the complex refractive index of liquid water is
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Fig. 1. Schematic of differences in interactions between hydrometeors and microwaves at 36.5 and 89.0 GHz over (left) land and (right) ocean. Over the
ocean, the surface radiation is much weaker compared to land at 36.5 GHz. The emission by hydrometeors predominates over absorption and scattering of
weak radiation from the ocean surface. Microwaves over land tend to decrease through a cloud layer regardless of frequency because of strong radiation from
the land surface.

large, the effects of absorption and emission by liquid cloud
particles are much greater than the effect of scattering in the
Rayleigh region. For interactions between microwaves and
large-diameter precipitation particles, the Rayleigh scattering
approximation becomes inappropriate; the scattering effect
must be considered in addition to absorption and emission.
For solid water (ice), the imaginary component of the complex
refractive index is small. Therefore, the scattering effect of ice
particles is dominant compared with the absorption effect for
the microwave region.

The intensity of interactions (absorption, emission, and
scattering) also depends on the wavelength of the microwave
radiation. The extinction of microwaves by ice particles is
smaller than the extinction by liquid particles at low frequen-
cies; however, it increases at high frequencies. Thus, cloud ice
particles do not strongly affect low-frequency microwaves.

Radiation in the microwave region near 89 GHz is strongly
attenuated by hydrometeors. Thus, satellite measurements at
this frequency include relatively large signals from clouds
and are applicable to the estimation of cloud water content
(CWC) over land [15], [16]. Instead, such signals are largely
affected by ice scattering [18]. Previous studies (e.g., [19])
have shown that brightness temperatures near 85 GHz can
be strongly depressed in the presence of large ice particles.
Therefore, estimates of LWP (liquid-only cloud water) based
on high-frequency microwaves near these frequencies (includ-
ing Le89) may contain errors related to the presence of mixed
signals from hydrometeors in different categories.

At approximately 36.5 GHz, the wavelengths of microwave
radiation (∼8 mm) are longer than the wavelengths of
89.0-GHz microwaves (∼3 mm). According to the size
parameter, the Rayleigh approximation can be applied to the
interaction between ice cloud particles and microwaves at
36.5 GHz. The scattering by ice cloud particles influences net
radiation, but its impact is much smaller at 36.5 GHz than at
89.0 GHz [6], [17]. Thus, for LWP estimation, it is appro-
priate to use the brightness temperature at 36.5 GHz (TB36)
because microwaves at this wavelength are less affected
by ice water. However, the magnitude of the hydrometeor
signal is much less in TB36 than in TB89 such that a
more precise estimation algorithm is necessary for accu-
rate LWP estimation when TB36 is used than when TB89
is used.

The attenuation by rain particles is expected to affect TB36,
but the attenuation coefficient of rainwater content has a
similar magnitude to the magnitude of liquid CWC [20]. Thus,
even in the case of clouds containing rain, the LWP is expected
to be reasonably estimated using TB36, assuming the presence
of cloud liquid particles only. This assumption is confirmed by
synthetic experiments in Section III.

C. Microwave Transfer Characteristics Over Land and
Ocean

To consider interactions between microwave and atmo-
sphere including clouds, particular attention is needed regard-
ing the difference in surface type (land/ocean), which largely
affects the behavior of microwave radiative transfer through
the atmosphere. Over the ocean, the surface radiation is
much weaker compared to land at 36.5 GHz. The weak
incoming radiation from the surface results in lower absorp-
tion. Thus, the emission by hydrometeors predominates over
absorption and scattering of radiation from the ocean surface.
Therefore, 36.5-GHz microwaves, which are less scattered,
tend to increase through a cloud layer over the ocean.
At 89.0 GHz, the absorption and scattering by hydrometeors of
microwaves predominate over emission because of relatively
strong microwaves from the ocean surface. On the other hand,
microwaves over land tend to decrease through a cloud layer
regardless of frequency because of strong radiation from the
land surface (see Fig. 1).

Over land, due to the relatively small signal of clouds
at 36.5 GHz, LWP estimates with TB36 are susceptible to
land state variability [21]. Accordingly, to guarantee sufficient
accuracy of LWP estimation using 36.5-GHz microwaves,
a more detailed representation of the land state is required
than that using 89.0-GHz microwaves. Seto et al. [21] showed
that the error in the representation of land emissivity should
be below 0.015.

D. Polarization Characteristics of Brightness Temperature at
89.0 and 36.5 GHz at the Top of the Atmosphere

To explore the polarization characteristics of interactions
between Earth’s surface and hydrometeors and microwaves
at 89.0 and 36.5 GHz, we conducted simulations with an
RTM based on the four-stream fast model [22], which uses
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Fig. 2. Differences in brightness temperature (TB, K) between 36.5 and
89.0 GHz and horizontal (h) and vertical (v) polarizations at the top of the
atmosphere calculated using the RTM with different LWPs (kg/m2) over (left)
land and (right) ocean.

the four-stream approximation method for radiative transfer
calculation. We set the zenith angle for radiative transfer
calculations to 55◦, in accordance with the angle of the
Advanced Microwave Scanning Radiometer for the Earth
Observing System (AMSR-E) onboard the Aqua satellite.
Inputs to the RTM include atmospheric profiles and lower
boundary conditions, such as land surface radiation and land
emissivity (reflectivity). We selected these inputs from the
simulation results of the Le36 system, which are described
in Section V.

Fig. 2 shows the responses of TB89 and TB36 at the top
of the atmosphere over land and ocean to changes in the
LWP. TB89 monotonically decreases as the LWP increases,
whereas TB36 reaches a maximum value. This result indicates
that although the LWP corresponding to a particular TB89
value can be determined using a single polarization, the LWP
corresponding to a particular TB36 value may require both
polarizations.

These considerations support the possibility of an algorithm
for the estimation of LWP over land based on the frequency
and polarization characteristics of TB36 as follows. First,
soil moisture, which is the dominant factor influencing land
emissivity, is estimated using low-frequency microwaves. Land
radiations at both 36.5 and 23.8 GHz are calculated by the
land RTM with the estimated soil moisture. Then, the LWP
over land is estimated using the sum of both polarizations of
observed TB36, with land radiation as background informa-
tion. At the LWP estimation step in Le36, the use of TB23 to
modify the water vapor condition is more effective for improv-
ing the accuracy of LWP estimation, similar to Le89 [16].

Based on the above concepts, a method for estimation of
LWP over land can be developed using 36.5-GHz microwaves.

III. SYSTEMATIC DEVELOPMENT OF LWP ESTIMATION
USING 36.5-GHZ MICROWAVES OVER LAND

The LWP estimation procedure for Le36 over land is
composed of the following four steps.

Step 1: Prediction of prior information about the atmosphere
and land with atmospheric and land surface models that are
used as inputs for atmosphere and land RTMs.

Step 2: Estimation of the optimal value of soil moisture
using TB6 and TB10 observed via satellite, along with prior

Fig. 3. System description (modified from [23, Fig. 1]).

information regarding land state (predicted in Step 1 through
an optimal estimation algorithm).

Step 3: Calculation of TB23 and TB36 from the optimized
land state using an RTM for land.

Step 4: Estimation of LWP, air temperature, and water vapor
within clouds using the difference in TB23 and TB36 observed
via satellite and calculated for land in Step 3, along with prior
information regarding the atmosphere (predicted in Step 1).

The Le36 system consists of six components (see Fig. 3):
a numerical weather prediction model, Weather Research and
Forecasting (WRF), version 3.3 [24]; a land surface model,
Simple Biosphere Model, version 2 [25], [26]; an RTM for
land; an RTM for atmosphere and clouds; and optimal estima-
tion algorithms for land (soil moisture) and atmosphere (LWP,
water vapor, and temperature). The main program (coupler)
combines these six models and algorithms online, and it
controls the entire system. When satellite data are available,
the coupler reads and transfers the data to the optimization
algorithms. The coupler also sequentially passes variables
among the six components (e.g., lower boundary conditions
for the atmospheric model), forcing data for the land surface
model, prior information for RTMs, and optimal land and
atmospheric states for the models. Land and atmospheric
interactions are reflected in these data exchanges. For radiative
transfer calculations of land, a physically based RTM is used,
which Kuria et al. [27] and Lu et al. [28] confirmed can
be applied to the surface scattering of microwaves over a
wide range of frequencies (from 6.925 to 89.0 GHz). For
the atmospheric RTM, the four-stream fast model [22], which
uses the Henyey–Greenstein scattering phase function with
the four-stream approximation and plane-parallel atmosphere
assumption, is utilized. The optimal estimation algorithm for
land is based on the ensemble Kalman filter [29]; the algorithm
for cloud and atmosphere is based on the 1-D variation
method. To find the minimum value of the cost function of
1-D variation, we use shuffled complex evolution (SCE) [30],
which is suitable for nonlinear cost function minimization. The
temporal evolution of the atmosphere is calculated in three
dimensions by WRF; the other calculations (land prediction
and optimizations of land and atmosphere) are performed in
one dimension for each grid. Satellite microwave data are
set to model grids using the near-neighbor method. Ensemble
predictions are conducted for land calculation.

LWP is estimated through the following procedures.
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Step 4-1: The SCE method is used to select several values
of LWP from among the values below an upper limit that is
established in advance.

Step 4-2: The vertical distribution of liquid CWC is
determined. Here, the vertical shape of CWC is considered
parabolic. Water vapor and temperature within clouds are
modified in physical association with the CWC value at that
height; the atmospheric profiles are updated by saturating the
water vapor in the cloud region according to the selected
LWP values from SCE and considering the temperature change
equivalent to the latent heat.

Step 4-3: From the determined CWC values and atmo-
spheric profile, TB23 and TB36 at the top of the atmosphere
are calculated by the RTM, and a cost function is calculated
in the following form:

J (x) =
(

H(x) − yo)T R−1(H(x) − yo)
=

(
T 36

b,est − T 36
b,obs

)2
+

(
T 23

b,est − T 23
b,obs

)2
(1)

where x is the vertical distribution of CWC, water vapor,
and temperature; H is a nonlinear observation operator; yo is
the observed brightness temperature; and R is the observation
error covariance matrix, which is set to a unit matrix in this
study. T f

b,est and T f
b,obs denote the calculated and observed

brightness temperatures at a frequency of f , respectively. The
difference between brightness temperatures is calculated for
both horizontal and vertical polarizations.

Step 4-4: Until the value of the cost function decreases
below the threshold, Steps 1–3 are repeated, and the optimal
LWPs are estimated.

Simultaneous estimation of the LWP and the atmosphere
within clouds can avoid the depiction of a physically improb-
able atmospheric state in the cloud system, such as extremely
dry or cold conditions within the cloud. Furthermore, this
method enables the TB23 signal to be effectively utilized
although it is sensitive to water vapor. Detailed explanations
of LWP estimation over land, including the atmospheric modi-
fication process within clouds, are available from the literature
[16], [23].

IV. SYNTHETIC SIMULATIONS OF LWP ESTIMATION
OVER LAND USING SATELLITE-BASED 36.5-GHZ

OBSERVATIONS

In this section, we describe a synthetic simulation that
was conducted to test the viability of the proposed method
of LWP estimation using TB36 without higher frequency
measurements by investigating the scope of its application and
limitations.

A. Simulation Descriptions

A synthetic simulation was conducted to explore the fol-
lowing three questions. How much LWP can be estimated by
the method using TB36 with appropriate land representations?
How sensitive is the estimation accuracy of Le36 to the
uncertainty in cloud top (CT) height and vertical profile of
CWC? Can the method be applied to the case of clouds
containing rain?

In the synthetic simulation, there are two steps. First,
we create synthetic TB36 and TB23 (hereafter, TB36_syn and

Fig. 4. (Top) Examples of CWC profiles for WRF-VP cases. (Bottom)
Comparisons of (left) TB36_syn and TB36_est and (right) LWP_true and
LWP_est. The red marks in the bottom right figure are the results of
estimations using the same shape of vertical distributions in both Steps 1 and 2.

TB23_syn, respectively) using the RTM from “true” condi-
tions of the atmospheric profile (water vapor, air temperature,
and air pressure), cloud water profile (LWP, shape of vertical
distribution, and hydrometeor types), cloud layer, and land
radiation. Second, using TB36_syn and TB23_syn, LWP is
estimated by the procedures described above (Steps 4-1–4-4).

In the first step, to fulfill the three goals of this simulation,
we test the sensitivity of LWP estimates to settings of LWP,
CT height, vertical profile of CWC (VP), and hydrometeor
constitution (HC) in “true” conditions. With respect to land
radiation (mainly determined by soil moisture and soil tem-
perature), the effects of uncertainty of land radiation in the
Le36 are considered smaller than that of settings of CT and
HC on uncertainties of LWP estimation. This is suggested by
the estimated results of land surface radiation presented in
Section V-C.

Settings of “true” LWP (LWP_true), CT (CT_true),
VP (VP_true), and HC in synthetic simulations are shown
in Table I. There are two cases for VP. In the first case
(WRF-VP case), VPs from WRF simulations are used as
VP_true, where the other settings (CT, HC, and LWP) are
also as in WRF simulations. In this case, we conducted
50 simulations using different vertical distributions of CWC
extracted from WRF simulations. Examples of CWC profiles
for the WRF-VP case are shown in the top figures of Fig. 4.
In the second case (Para-VP case), parabolic distribution is
used as VP_true because Le36 assumes the vertical shape of
CWC as parabolic. Moreover, in the second VP case, there
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TABLE I
SYNTHETIC SIMULATION SETTINGS

are two cases for HC: Case C (LWP is composed of cloud
liquid water alone) and Case CR (20% of LWP is composed
of cloud liquid water, and the remainder is composed of rain).
In Case CR, the vertical distribution of rain water content
is determined such that it is maximized at the cloud bottom
and decreases linearly to zero at the land surface and CT in
Step 4-2. For each HC case, LWP_true is set to 80 values
(from 0.1 to 8 in units of 0.1 kg/m2). In Case C, CT_true is
set to ten values (there are two patterns of setting: pattern#1
ranges from 5000 to 9500 in units of 500 m and pattern#2
ranges from 9000 to 9900 in units of 100 m). In Case CR,
CT_true is set as for Case C but higher than 7200 m for LWP
below 2.5 kg/m2 because cloud systems with large LWP and
sufficient rainwater to bring rainfall are expected to have high
CT heights. Low settings of CT_true are unrealistic, leading to
extremely high TB36_syn. Cloud bottom height does not have
a particularly large sensitivity [31]; thus, it is set to a constant
value (1500 m). The atmospheric profile used for the “true”
conditions is common to all settings of LWP, CT, and HC.

In the second step (i.e., the estimation step), the estimated
LWP (LWP_est) is assumed to be composed of cloud liquid
water alone. CWC is assumed to be vertically distributed in
a parabolic shape in all simulations except for one case in
the WRF-VP cases, where the vertical distributions match the
shape of VP_true (from the WRF simulation).

In WRF-VP cases, CT atmospheric profiles are set to the
same as those from WRF simulations. In Para-VP cases,
CT is set to the same value as CT_true or to constant
values, enabling the investigation of sensitivity to errors in
CT settings. For constant values, 9000 m is used for pattern#1
and 9500 m is used for pattern#2; accordingly, errors in CT
vary from 0 to 4000 m. Regarding atmospheric profiles, ten
profiles are randomly selected from profiles over land during
prior or initial stages of a rainfall event in July in Japan.
Different atmospheric profiles from profiles in the step to
create synthetic observations are used to represent random
errors in the step of LWP estimation. Table I shows the
simulation conditions and their names in the second step.

B. Results and Discussion
Bottom figures in Fig. 4 show comparisons of synthetic

observations (TB36_syn) and simulated TB36 (TB36_est) with

estimated LWP and atmospheric profiles (shown in the bottom
left figure) and true LWP_true and LWP_est (shown in the
bottom right figure) for WRF-VP case. TB36_est adequately
corresponds to TB36_syn, with errors of 0.15 K. This indicates
that the performance of the numerical procedure for the
minimum search of the cost function is sufficiently high for
our focusing optimization problem.

In the WRF-VP case, the estimation of LWP resulted in
an average error of approximately 1.4 kg/m2, with an error
of about 25% (bottom right figure). This outcome indicates
the impact of differences in the vertical distribution of CWC,
including hydrometer type (cloud or rain) and shape of the
distribution, on the accuracy of LWP estimates. In Step 2 of
this simulation, the CT values were set to the same values as
CT_true, which were determined from WRF’s CWC profile.
The influence of errors in the CT setting is addressed in the
Para-VP case. While some variability is observed, reasonable
values for LWP are estimated within the range shown in the
figures. However, compared to the case where the same shape
of vertical distributions is used in both Steps 1 and 2 (red mark
in the figure), it becomes apparent that errors are larger, and the
profile shape is one of the contributing factors to these errors.
In comparison to the parabolic distribution, it notably differs
in the presence of abundant precipitation near the surface,
especially during heavy rain. On the other hand, signals from
hydrometeors near the surface are relatively small, which is
believed to contribute to the underestimation of LWP.

Fig. 5 shows the results of synthetic simulations of Case C
(Cases C-1t, C-1c, and C-2c) of the Para-VP case. The top
figures are comparisons between TB36_syn and TB36_est; the
bottom figures show LWP_true and LWP_est. With respect
to the results of brightness temperature, TB36_est adequately
corresponds to TB36_syn in all three cases, as in the WRF-VP
case, with errors below ∼0.1%. With the perfect CT setting
(Case C-1t), LWP is estimated with high accuracy, involving
mean errors of ∼12% for a wide range of LWP values
(0–8 kg/m2). In particular, using an atmospheric profile input
identical to the first step (red plots), the accuracy is rather high
(mean error of 1.7%).

For Case C-1c, results with CT_true of 8700 and
9200 are indicated by gray marks in Fig. 5, CT_true
from 6700 to 8200 indicated by blue marks, and CT_true
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Fig. 5. Comparisons of (top) TB36_syn and TB36_est and (bottom) LWP_true and LWP_est for Cases C-1t, C-1c, and C-2c. There are 8000 plots for each
case. Red plots in Case C-1t are results using the same atmospheric profile input as the first step. In Case C-1c, gray plots are results with CT_true between
8000 and 9000, blue plots are results with CT_true between 7000 and 8000, and red plots are results with CT_true below 7000.

below 6700 indicated by red marks. These results reveal that
larger errors in CT settings lead to larger errors in LWP
estimation; the sensitivity of LWP estimation to the CT setting
is very high, consistent with findings by Seto et al. [16]. Our
method uses a constant high value of CT at the estimation
step; thus, the accuracy becomes low when the target cloud’s
top height is low. For the case of large LWP_true, the errors
are large. Generally, the CT of clouds with large LWP tends
to be high. Therefore, our method with a constant CT setting
is applicable to high-CT cases or thick-cloud cases, but some
constraints for the CT setting are desirable. Compared with
the WRF-VP case, it becomes evident that differences in CT
height have a more significant influence on the uncertainty of
LWP estimates compared to variations in the shape of vertical
distribution and hydrometeor type.

Case C-2c is conducted for a case where some information
about CT is obtained from other sources including infrared
observations of geostationary satellites. The mean error for all
LWP_true is 10.1%. The error of LWP estimation becomes
large when LWP_true is large. When LWP_true is >6 kg/m2,
the mean error is 14.8%. The results of Case C-2c indicate
that to estimate LWP using TB36 with sufficient accuracy for
no-rain clouds, it is desirable that the CT can be set with
an error of <500 m using other satellite-based observations;
in that case, Le36 can be applied to a wide range of LWP
values.

In Case CR of Para-VP case (see Fig. 6), similar to Case
C, TB36_est and TB36_syn exhibit good agreement in all
three cases, except when TB36_syn is higher than 285 K.
TB36_syn becomes >285 when CT_true is set to low values
such as 5200 and 5700 m or when LWP_true is between
0.3 and 1.5 kg/m2 (simulated TB36 becomes the maximum
value with these LWPs over land; not shown). The results of
LWP estimation are also not good for this range of LWP.

The reason for this disagreement is thought to be as
follows. In general, it is known that there is difficulty in
estimating small LWP over land because strong land radiation
eliminates the signals from clouds with small LWP due to
the incompleteness of the representation of land radiation.
However, in synthetic simulations, we consider land surface
radiation to be perfect, so the issue of land surface radiation
is eliminated, and what remains is the problem of radiative
transfer within the clouds. When comparing the results of
Case C-1t and Case CR-1t, it can be found that Case CR-1t
does not estimate LWP values within the range of 0.3 to
1.5 kg/m2, whereas Case C is capable of estimating LWP
within this range. From this, it can be understood that the
reason why Case CR-1t fails to estimate LWP effectively
within the range of 0.3–1.5 kg/m2 is due to the assumption
of estimating LWP, including rain, as containing only cloud
water. In clouds that contain raindrops, there are cases where
net radiation is slightly increased even over land when LWP
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Fig. 6. Same as Fig. 5, but for Cases CR-1t, CR-1c, and CR-2c.

is relatively small, albeit to a lesser extent. On the other hand,
no-rain clouds fundamentally attenuate land surface radiation,
which is believed to be the cause of such discrepancies.

For cases with both cloud and rain, errors are high compared
with cloud-only cases, even when using the perfect CT setting
(Case CR-1t). The error averaged over all samples is 35%.
In particular, errors are large when CT_true is low and
LWP_true is larger than ∼4 kg/m2. The main cause of this
large error is the unrealistically low setting of CT_true for
precipitating clouds, including large LWP and estimated high
TB36_syn by the RTM. With a CT_true of 9700 m, the results
are much better; the error is 19% (blue plots in Fig. 6).

For Case CR-1c, the results were similar to Case C-1c.
When the difference between CT_true and CT_est is large
and LWP_true is large, errors in LWP estimation also become
large, and the sensitivity of LWP estimation to the CT setting
is rather high. However, when errors in the CT setting are
<1000 m, estimation errors are ∼25% (gray plots). This result
indicates that our method (using high constant CT value) is
applicable to clouds with large LWP including cloud and rain;
in most such cases, CT is high.

The results of Case CR-2c indicate that this method can
accurately estimate LWP including cloud and rain, with a mean
error of ∼20%, if CT can be set to an appropriate value using
CT information obtained by other satellites.

According to the comparison between the TB36_syns of
Cases C and CR (see Fig. 7), the difference is small in the

Fig. 7. Comparison between TB36_syns of Cases C and CR.

range of LWP > 3 kg/m2 and not much larger in the range of
LWP > 2 kg/m2. For cases with relatively large LWP, which
are realistic values for cloud and rain cases, the assumption
that LWP comprises cloud water alone is acceptable.

In summary, the LWP estimation method over land with
TB36 can be applied to clouds with a wide range of LWP
(∼8 kg/m2) for cloud-only cases if the CT setting is appro-
priately constrained by independent CT information. While
the impact is smaller compared to cloud-top height, the shape
of CWC’s vertical distribution is also one of the contributing
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factors to errors. For cloud-plus-rain cases, LWP retrieval
shows good performance in the range of about 1.5–8.0 kg/m2,
even if with CT information. In cases without CT information,
this method can be applied by limiting the targets to high
CT heights (approximately 8000 m and above). However, it is
desirable to utilize CT height information from other sources.
The use of satellite-based infrared observations is considered
effective for obtaining CT height information. Therefore, the
proposed method using 36.5 GHz is suitable for estimating
clouds over land that produce relatively strong rain (LWPs
exceeding 1.5 kg/m2) or rain-free clouds, and for cases of
clouds of smaller LWPs accompanying rain, it is necessary to
consider the combination of other frequencies.

V. APPLICATION OF LE36 TO REAL CASES

The developed method (Le36) was applied to real cases,
and the performance was investigated by comparing the results
of Le36 with the results of Le89. Independent satellite cloud
radar products are also used for discussion.

A. Data
The microwave data used for estimation are the brightness

temperatures measured with the AMSR-E located on the Aqua
satellite. Although both Le89 and Le36 can use microwave
data measured with AMSR2 (currently in operation), AMSR-E
(completed operation) is utilized because the target periods
used for validation align with the operation period of CloudSat.
Le36 uses four frequencies (6.925 and 10.65 GHz for land
estimation; 23.8 and 36.5 GHz for atmosphere and LWP)
among six total frequencies (6.925, 10.65, 18.7, 23.8, 36.5, and
89.0 GHz) observed by AMSR-E. In this study, to elucidate
the performance and characteristics of LWP estimation using
36.5 GHz, 89.0 GHz is not used with Le36, whereas Le89
uses 89.0 GHz, rather than 36.5 GHz.

The footprint for observation at 36.5 GHz is larger than the
footprint at 89 GHz (approximately 10 and 5 km, respectively);
therefore, land and ocean data are more frequently included
within a single footprint. These mixed land/ocean signals lead
to incorrect estimation. In Le36, observed TB36 is modified
prior to calculation according to the ratio of land and ocean as
follows. The brightness temperature observed with AMSR-E,
Tb (AMSR), is described using the ratio of land within the
footprint, a, and the brightness temperatures of land and ocean,
Tb (land) and Tb (ocean), respectively, as

Tb(AMSR) = a × Tb(land) + (1 − a) × Tb(ocean) (2)

If the cover of a model grid is land, the observed brightness
temperature is modified as

Tb(land) = {Tb(AMSR)−(1−a)×Tb(ocean )}/a (3)

where the value of Tb(ocean) is determined by searching the
nearest grid of a = 0 and using its brightness temperature.
However, because this modification may wrongly discard the
signal in grids with clouds, the modification is not applied to
such grids. We determined whether a cloud signal is present
in each grid using observed TB89.

Le36 uses both horizontal and vertical polarizations based
on the radiative transfer characteristics of 36.5 GHz, as dis-
cussed in Section III.

We used products from the CloudSat satellite as references
to validate and discuss the features of LWP estimates from
Le89 and Le36. CloudSat carried the W-band cloud profiling
radar (CPR), which measured backscattering by clouds as a
function of distance from the radar. CPR provided unprece-
dented data regarding cloud microphysics with a vertical
resolution of 485 m and a footprint of 1.4 km (cross-track) ×

2.5 km (along-track) [32]. CloudSat flies in orbital formation
as a component of the constellation of satellites known as
the A-train, which sequentially orbit in the same orbital
plane at close spacing. The A-train also includes the Aqua
and Global Change Observation Mission—Water (GCOM-W)
satellites. Aqua is equipped with AMSR-E, which is used for
estimation in this study; a successor of AMSR-E, known as
AMSR2, is onboard GCOM-W. Thus, CloudSat products were
appropriate for our target.

Cloud microphysical data are included in the 2B-CWC-RO,
2B-CWC-RVOD, and 2C-ICE CloudSat products. In this
study, 2B-CWC-RVOD version R04 products and 2C-ICE
version R04 products were used to investigate the validity and
features of LWP estimated using Le89 and Le36. As indicated
in level 2B-CWC-RO P_R04 data issues, 2B-CWC-RO data
include many unsuccessful retrievals of liquid water content,
particularly in profiles with high radar reflectivity related to
the presence of large raindrops. These gaps occur because
the retrieval procedures do not converge when the observed
reflectivity is greater than the range allowed by a priori
data, resulting in water content with very high attenuation
[33]. In the retrieval algorithm for 2B-CWC-RVOD products,
the optical thickness estimated from visible channels of the
Moderate Resolution Imaging Spectroradiometer onboard the
Aqua satellite is used as a constraint for optimization calcu-
lations, along with reflectivity measured via CPR. Therefore,
2B-CWC-RVOD contains fewer missing data. Because this
study targeted cloud systems containing a large quantity of
hydrometeors, we used 2B-CWC-RVOD products, rather than
2B-CWC-RO products.

For the 2B-CWC-RVOD algorithm, separate retrievals were
initially performed under the assumption that the entire cloud
column was liquid only or ice only. Then, the two sets of
results were combined into a composite profile according to a
simple temperature relationship. The ice retrieval solution was
applied to heights where the temperature was below −20 ◦C
(only ice was present); the liquid solution was applied to
heights where the temperature was above 0 ◦C (only liquid
was present). A linear combination of the two was used for
the intermediate temperature range (mixed cloud was present).
Because we also assumed that entire clouds were liquid at
the time of estimation, we used ice and liquid water contents
and only-liquid part of the water contents from 2B-CWC-
RVOD products for LWP comparison. Hereafter, the sum of
liquid and ice water paths is called CS_RVOD, and LWP is
called CS_RVOD_liq. CloudSat products are rare and valuable
data for LWP evaluation over land and used in real-case
simulations, but the results should be discussed in conjunc-
tion with synthetic simulations, considering the inconsistency
between CloudSat products and these assumptions in product
generation. More detailed descriptions of 2B-CWC-RVOD
data are provided in the CloudSat Data Processing Document
and the report by Austin et al. [34].
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Fig. 8. Date, area, and observation time for target cases. Shaded area: TB36 (K) observed using horizontal polarization. Dashed line: path of CloudSat
satellite.

TABLE II
EXPERIMENTAL SETTINGS (FOR LE36 AND LE89)

We used 2C-ICE data for one case where most of the
ice water content of 2B-CWC-RVOD was missing. The 2C-
ICE product is created using radar reflectivity from CPR
onboard CloudSat and lidar backscattering data from Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) [35], [36]. Several ice-cloud retrieval products
have been evaluated with in situ measurements [37], which
showed that the 2C-ICE product had better agreement with
in situ data than with 2B-CWC-RVOD. In the cases of this
study, 2C-ICE largely overestimated ice water content relative
to 2B-CWC-RVOD. Thus, we use this product for reference.
Hereafter, the sum of LWP from 2B-CWC-RVOD and ice
water path from the 2C-ICE product is called CS_ICE.

For data comparison, CloudSat and LWP data from Le36
and Le89 were converted at the same grid scale. The method
used for this conversion was described in [16].

The National Centers for Environmental Prediction (NCEP)
Final Operational Global Analysis data were used for initial
and boundary conditions of larger domains to calculate prior
information.

B. Experimental Settings
In this study, we applied Le36 and Le89 to actual cases

and compared their performances. Based on that compari-
son, we discuss the characteristics of LWP estimation using
microwave radiation at 36.5 GHz.

1) Target Cases: We selected three cases, as shown in
Fig. 8. We selected study cases based on the following criteria:
the availability of CloudSat products—2B-CWC-RVOD data
were only available through April 2011 because of a battery
anomaly and the satellite’s corresponding exit from the A-train
formation (see CloudSat Epochs Information, provided by
CloudSat data processing center on their website); the avail-
ability of CloudSat products containing appropriately large

(thick) clouds; the availability of CloudSat products over land
at low latitudes to midlatitudes—most of the CloudSat orbit
passes over oceanic and polar regions; and the availability of
AMSR-E data—AMSR-E data were only collected through
2011.

Fig. 8 shows the horizontal distribution of TB36 obser-
vations by AMSR-E and the path of CloudSat at the time
corresponding to each case. The observation time differences
between AMSR-E and CloudSat are 2–3 min for all three
cases.

2) Settings Used for Estimation: We compared the results
obtained under three different settings, as shown in Table II.
Hereafter, the first setting with no observations is called
Es_CTL. This setting simply returns prediction results from
the coupled atmosphere and land models.

Second, we estimate LWP using brightness temperatures
observed by AMSR-E (hereafter called Es_AM). For this
method, we used fixed heights of the CT (10 000 m) and
cloud bottom (1500 m) to constrain the vertical distribution of
CWC. In addition, using Es_AM as a reference experiment,
we conducted sensitivity tests by changing the TB values at
36.5 and 23.8 GHz (i.e., frequencies used for cloud estimation
in Le36), in steps of 1 K from −2 K to +2 K relative to the
observed values.

The third method used CT and bottom heights determined
from CloudSat products as additional constraints for LWP
estimation, in addition to AMSR-E observations. Hereafter,
this setting is called Es_CS. The Es_CS method was used
to determine the extent to which cloud layer information
would improve LWP estimation, according to the conclusions
obtained from synthetic simulation in Section IV. The CT and
cloud bottom heights in Es_CS were determined according
to the CloudSat product (CS_RVOD) for each profile. When
CWC was >0.2 g/m3, that height was included in the cloud
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TABLE III
MODEL SETTINGS FOR LE36 AND LE89

layer. We used CT and cloud bottom heights from CloudSat for
model grids with CloudSat profiles < 0.02◦ in direct distance
from the model grid; the horizontal resolution of the model
was 0.05◦. If appropriate cloud layer data were not available
for a profile, for example, because of missing data around
cloud boundaries or a lack of CWC, default values were
used for the profile, similar to Es_AM. For Es_CS, we also
conducted sensitivity tests by changing CT height in a stepwise
manner with 200-m steps from −1000 to +1000 m, relative to
the CT height used in Es_CS. These sensitivity tests provide
information regarding the uncertainty of this method.

All other settings were held constant among all cases and
methods, as shown in Table III. The number of ensemble
members for the land model integration was set to 50, which
is sufficient to represent the error distribution for three-layer
and 1-D soil moisture. Because of the lack of observa-
tional evidence, the observational error covariance matrix was
empirically set to a diagonal matrix. Boundaries of LWP
for estimation, used to select the LWP value in the SCE
minimization process, were determined from the maximum
value of vertically integrated total (liquid and ice) water
content in the results of a WRF run covering several months
including the target period; they were set to 0–15 kg/m2.

C. Results of LWP Estimation by Le36
In this section, we discuss the performance of Le36 and

the feasibility of liquid cloud and rain partitioning; we mainly
focus on the results of Case 1 because similar results were
obtained for Cases 2 and 3 (refer to the Appendix).

1) Brightness Temperature: Fig. 9 shows TB6 distributions
observed by AMSR-E (top figure), calculated by Le36 before
land estimation (middle left figure), and after estimation
(middle right). Scatter plots of observed and calculated TB6s
are also shown (bottom figures). The target area consists of
multiple land and vegetation types (e.g., grassland, needleleaf-
evergreen trees, and broadleaf shrubs with bare soil). The
results demonstrate that the land surface radiation can be well
reproduced regardless of the land surface type. Furthermore,
as the estimation of land parameters and LWP is performed
independently at each location, the method has shown rea-
sonable reliability in terms of the validity of its performance
regarding various land parameters and surface types. However,
during the target period in this area, there was no snow cover
and no frozen ground, so validation regarding this surface
coverage has not been conducted.

Fig. 10 shows TB36 calculated by the RTM before and
after LWP estimation by Le36. TB36 before LWP estimation
is calculated using the atmosphere and CWC profile predicted
by the WRF model. TB36 after LWP estimation, calculated
using estimated atmosphere and CWC profiles, demonstrated

Fig. 9. TB6 (K) distributions observed by (top) AMSR-E, calculated by
Le36 before land estimation (middle left figure) and after estimation (middle
right), and scatter plots of observed and calculated TB6s (bottom left: before
estimation; bottom right: after estimation).

Fig. 10. TB36 (K) calculated using the RTM (left) before and (right) after
cloud estimation.

a very accurate representation of the horizontal distribution of
observed TB36 (as shown in Fig. 8) both over land and ocean.

To investigate the frequency dependence of radiative inter-
actions of microwaves and clouds, TB89 values observed and
calculated by the RTM after LWP estimation by Le89 are
shown in Fig. 11. TB89 values calculated after LWP estimation
were slightly higher than observed TB89 values. This dis-
agreement indicates that the actual attenuation effect is greater
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Fig. 11. TB89 (K) calculated using the RTM (left) after cloud estimation
and (right) observed.

than the effect represented in Le89. We attribute the cause
of this discrepancy to the following factors. As described in
Section II, most attenuation by liquid cloud water particles is
related to absorption. Also, as shown in Fig. 2, when the LWP
is large, TB89 reaches saturation and shows little variation.
In contrast, observed TB89 was affected by the scattering
of ice cloud particles. Le89 estimated LWP assuming only
liquid cloud water and did not reflect attenuation by ice cloud
particles in the RTM calculation. Accordingly, Le89 could
not represent a decrease in TB89 related to ice scattering
within a realistic range of LWP; the predicted TB89 after
LWP estimation was higher than the observed TB89. This
result indicates that less liquid cloud particle-related attenu-
ation occurred for TB89 compared with attenuation caused
by ice cloud particles comprising the same amount of water.
According to a comparison of results from Le36 and Le89,
it is suggested that because TB36 included minimal signals
from ice particles, Le36 can more accurately reproduce the
observed brightness temperatures compared to Le89.

2) LWP: The results of LWP estimation by Es_AM and
Es_CTL are shown for Le36 and Le89 in the top and bottom
figures of Fig. 12, respectively, along with LWPs obtained
from CloudSat products (CS_RVOD and CS_RVOD_liq).
In these graphs, black solid lines represent LWP values from
Es_AM, red solid lines represent LWP values from Es_CTL,
and thick and thin blue (brown) lines represent LWP values
from sensitivity tests subtracting (adding) 2 K or 1 K from (to)
the TB36 results of Es_AM. Short-dashed lines represent LWP
values from CloudSat, black lines indicate the CS_RVOD, and
red lines indicate the CS_RVOD_liq. The horizontal axis is
the number of profiles from south to north along the CloudSat
path. Thick straight lines at the bottom of each figure indicate
the land/sea flag (brown indicates land; blue indicates sea). For
Case 3, ice water content is missing from 2B-CWC-RVOD
at most of the target profiles; thus, CS_ICE is used (see the
Appendix).

For Le36, the value of LWP from Es_AM shows a similar
value to CS_RVOD_liq. The mean LWPs for all data points
of Es_AM, CS_RVOD, and CS_RVOD_liq are 0.97, 2.7, and
0.97 kg/m2, respectively. The root mean square error (RMSE)
calculated between Es_AM of Le36 and CS_RVOD_liq
(CS_RVOD) is 0.82 (1.84). While they do not necessarily
match on all individual profiles, Es_AM and CS_RVOD_liq
show good agreement on average for profiles. Based on a
comparison of the horizontal shape of LWP (see Fig. 12),
estimates from Es_AM of Le36 represent a similar shape to
CS_RVOD (sum of liquid and ice water path).

Fig. 12. Comparison of total LWPs from Es_CTL (red line), Es_AM
(black lines), and cloud water paths from CloudSat products (black and gray
short-dashed lines) along CloudSat paths. Thick and thin blue (brown) lines
were obtained from sensitivity tests subtracting (adding) 2 K or 1 K from (to)
TB36 from Es_AM. The thick straight line at the bottom indicates the land/sea
flag (brown indicates land and blue indicates sea). (Top) Le36. (Bottom) Le89.

Top figures of Fig. 13 show scatter plots of LWPs from
Es_AM of Le36 and Le89. The scatter plot also reflects similar
results. The LWP values between Le36 and CS_RVOD_liq
show a close average, but individual data points exhibit both
overestimation and underestimation. On the other hand, when
comparing Le36’s LWP with CS_RVOD, there is an overall
underestimation, but the values are still highly correlated.
In the algorithm used to generate CS_RVOD_liq (liquid part
of water content of CloudSat product), it assumes that all
values below freezing are ice, which means that there is no
contribution of cloud particles above the melting layer, and
signals from these particles are excluded for CS_RVOD_liq.
This is believed to result in a flatter horizontal distribution of
LWP of CS_RVOD_liq.

LWP determined from Es_AM of Le36 is smaller than
CS_RVOD_liq for grids with a relatively small value of
CS_RVOD. A small value of CS_RVOD indicates a small
cloud signal in CloudSat observation. The potential cause of
this discrepancy can be described as follows. As the results
of synthetic simulation indicate, the incorrect assumption of
the distribution of cloud water and rainwater during LWP
estimation makes it difficult to properly represent their dis-
sipation processes when LWP is below about 1.5 kg/m2,
which means small cloud signals in TB36. This results in
the underestimation of LWP. In real-case simulations, cloud is
assumed to include only cloud water although actual clouds are
supposed to include both rain and cloud. Thus, the observed
TB36 is a little higher value than what can be expressed by the
assumption of clouds alone, leading to a failure in estimating
small LWP.
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Fig. 13. Scatter plots of LWPs from CloudSat products [(left) CS_RVOD_liq
and (right) CS_RVOD] and Es_AM of (top) Le36 and (bottom) Le89.

However, in the vicinity of profiles over land around No.
76–90 in Fig. 12, an LWP of approximately 1.0 kg/m2 is
estimated. Signals from clouds with these LWPs are much
smaller than land radiation so that it is generally considered
very challenging to observe small LWP values in land-based
clouds. From this result, it can be suggested that depending
on the condition (distribution of cloud and precipitation par-
ticles), the small LWPs can be successfully estimated by our
method, which indicates that simultaneous estimation of the
atmosphere and land states shows its effectiveness for small
LWP cases.

Notably, Le36 successfully achieves continuous estima-
tion of LWP over land and ocean without TB89. Thus far,
microwaves at approximately 36.5 GHz have generally been
used to estimate LWP over oceans or rainfall over land in
conjunction with microwaves at higher frequencies, such as
∼89.0 GHz. Estimation over land using 36.5 GHz alone
is difficult because the cloud signal in microwave measure-
ments at this frequency is much smaller than the signal
from land radiation. Nevertheless, Le36 enables the estimation
of LWP over land using only 36.5 GHz by appropriately
and dynamically representing soil moisture, land emissivity,
and land radiation. The use of Le36 reduces the amount of
information needed for LWP estimation and supports the use
of high-frequency microwaves for liquid and ice partitioning
estimation.

The comparison of LWPs from Es_AM using Le36 and
Le89 revealed that Le36 returned smaller values. The mean
LWPs for all data points of Es_AM of Le89 are 1.98,
and RMSE between Es_AM of Le89 and CS_RVOD_liq
(CS_RVOD) is 1.82 (1.08). Similar to the results for brightness
temperature, this finding indicates that Le89 estimated larger
LWP values because TB89 includes a larger cloud signal
driven by ice scattering. The LWP from Le89 is more similar
to CS_RVOD compared with the LWP from Le36. Observed

TB89 is strongly affected by ice scattering, but Le89 considers
only liquid cloud particles. Thus, Le89 compensates for the
attenuation effect by increasing LWP; the estimated LWP
from Le89 is larger than the LWP from Le36 and similar to
CS_RVOD. In addition, when the absolute value of LWP for a
grid is high, the difference between LWP values from Le36 and
Le89 is large. This relationship indicates that a cloud system
with a large amount of water tends to demonstrate robust
development and include a large number of ice particles. The
difference between TB36 and TB89 will be large for such
cloud systems. Le89 performs better in estimating LWP in
grids with small signals, where CS_RVOD is smaller than
2.0 kg/m2, around grids numbered 30 and 40. Thus, it can be
inferred that combining TB89 with Le36 would be beneficial
for estimating LWP in this range.

From the scatter plot of Le89 (bottom figure of Fig. 13),
it can be observed that the estimated LWP values closely
match CS_RVOD. However, there is a significant difference
compared to CS_RVOD_liq, indicating a lower accuracy in
estimating LWP.

Next, we focus on the results from sensitivity tests of LWP
estimation conducted by changing TB36 (top figure of Fig. 12)
and TB89 (bottom figure), as indicated by thick and thin
blue and brown lines. Each line shows the results from an
experiment adjusting the temperature (from −2 K to +2 K)
to the observed brightness temperature. The results show that
the sensitivity of LWP estimation to brightness temperature is
higher for Le36 than for Le89; in particular, LWP substantially
changes (several kilograms per square meter) over land and
coastal oceans. These results indicate that the effect of clouds
relative to the background radiation is smaller on TB36 than
on TB89; In addition, the effect is smaller over land and
coastal oceans than over open ocean areas. Observed TB36,
as shown in Fig. 8, suggests weak cloud signals over land.
These results indicate that error reductions in observations and
representations of land radiation, which is used as background
information, are essential for Le36 because of the high sensi-
tivity of LWP estimation to TB36. The high sensitivity over
coastal ocean areas may be related to the effect of mixing
land and ocean areas within a footprint. In Section V-C3,
we discuss the influences of mixed land and ocean signals
within a footprint on LWP estimation.

The effect of including cloud height information as addi-
tional constraints on LWP estimation is examined using the
results of Es_CS, which is shown by black solid lines in
Fig. 14 and scatter plots in Fig. 15. For Le36, overall, LWP
estimates from Es_CS are lower than from Es_AM; accord-
ingly, the estimates well match CS_RVOD_liq. In Es_CS,
LWP values around 1.0 kg/m2 are well estimated at many
locations. According to the results of synthetic simulation,
when clouds and rain are mixed, small LWP values are
not accurately estimated. Therefore, it is expected that in
profiles with small LWP values in this case, there were fewer
raindrops present. Around the grid numbered 46 (hereafter
Grid46), LWPs are overestimated by 2∼3 kg/m2. The causes
of overestimation here are examined in Section V-C3. Further-
more, overestimations in Le89 are also improved in Es_CS.
In particular, in many grids over land, the LWP estimated in
Es_CS is smaller than the LWP estimated in Es_AM. Changes
in CT height influence emissions from clouds by changing the
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Fig. 14. Comparison of total LWPs from Es_CS (black lines) and cloud
water paths from CloudSat products (black and gray short-dashed lines) along
CloudSat paths. Thick and thin blue (brown) lines were obtained in sensitivity
tests by subtracting (adding) 200, 400, 600, 800, or 1000 m from (to) CT
heights from Es_CS. The thick straight line at the bottom indicates land/sea
flag (brown: land; blue: sea). The green solid line in the upper part of the
right axis represents CT heights determined from CloudSat using Es_CS.
(Top) Le36. (Bottom) Le89.

physical temperatures of cloud particles. Clouds tend to reduce
TB36 over land and increase it over the ocean, as described
above. Thus, if the CT height descends by using CT infor-
mation from CloudSat over land, absorption by clouds is
increased; less LWP is required to obtain the same TB36 value
over land. This feature is confirmed via synthetic simulation
in Section IV. As indicated by green lines in Fig. 14, the
CT height is lower in Es_CS than in Es_AM at many points.
This is one likely reason why LWP is smaller from Es_CS
than from Es_AM at these grids over land although there may
be a more complex nonlinear relationship between CT height
and TB36. On the other hand, over the ocean around grids
numbered 4–22 and 30–40, it is the opposite situation, that is,
lower CT results in higher LWP estimates because there is a
net increase of radiation over the ocean. The mean LWPs for
all data points of Es_CS are 0.84 and 1.17 kg/m2 for Le36
and Le89, respectively.

The LWPs produced in each sensitivity experiment with
varying CT heights are shown in Fig. 14. Thick and thin blue
(brown) lines are from sensitivity tests subtracting (adding)
200, 400, 600, 800, or 1000 m from (to) the CT heights of
Es_CS. For Le89, the sensitivity of estimated LWP to cloud
height is higher than its sensitivity to TB89, indicating that the
setting of CT height is more important to accurate estimation
than the error in observed TB89 values. However, for Le36,
sensitivity to CT height is similar to or lower than sensitivity to
TB36. Based on these results, we conclude that the acquisition
of accurate LWP estimates using TB36 over land requires
reduced errors in observed TB36 and radiation from land,
as well as a reduced CT height setting.

Fig. 15. Scatter plots of LWPs from CloudSat products [(left) CS_RVOD_liq
and (right) CS_RVOD] and Es_CS of (top) Le36 and (bottom) Le89.

In summary, an examination of the results from Es_AM
and Es_CS using Le36 and Le89 demonstrated that LWP
estimation can be performed using TB36 without TB89 even
over land. In particular, the result from Le36 shows a highly
good agreement with CS_RVOD_liq. This suggests that TB36
is more appropriate for liquid-only estimation of water content.
However, the use of TB36 alone requires greater accuracy in
observations and background (land) radiation representation
compared with the use of TB89. In this study, the land
and atmosphere simultaneous estimation allowed for a more
accurate representation of land surface radiation, enabling the
estimation of LWP over land using TB36. The importance
of the CT height settings and the efficacy of adding this
setting to the constraints were also supported. In the real-
case simulation, it became possible to estimate LWP values
of around 1.0 kg/m2 by incorporating CT height information.
Furthermore, a comparison of the results of Le36 and Le89
showed that 89.0-GHz measurements include sufficient ice
water particle information, suggesting that liquid and ice
water path partitioning can be conducted using the difference
between TB36 and TB89 measurements. In the real-case
simulations, when CT height was appropriately set, LWP
values of around 1.0 kg/m2 were well estimated. However,
considering the results of the synthetic simulation and the
accuracy of future CT height information, further validation
and improving the method are necessary for the application to
clouds with LWP below 1.5 kg/m2, which contain rain water,
including the incorporation of 89 GHz or other observations.

3) Possible Causes of Overestimations: In this section,
we examine the factors causing overestimation near Grid45 in
Es_CS using the same RTM used for Le36. The inputs to the
RTM, including lower boundary conditions and atmospheric
profiles, were calculated by the WRF and SiB2 models for
Le36 (see the Appendix). The brightness temperature was
calculated by RTM after adjustment of the water vapor and
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potential temperature—for example, saturating the layers with
clouds and adjusting temperature corresponding to the latent
heat of cloud condensation—in the same manner used for
Le36, according to the selected vertical distribution of CWC.

Fig. 2 shows TB36 and TB89 at the top of the atmosphere
over the ocean for various LWP values calculated by the
RTM. As indicated in the top figure of Fig. 2, TB36 gradually
decreases while maintaining values around 250 K from the
point where LWP exceeds 8 kg/m2; TB36 had maximum val-
ues at 3 and 2 kg/m2 for vertical and horizontal polarizations,
respectively, and then, reached 250 K again at approximately
1.8 and 0.7 kg/m2.

Le36 uses both horizontal and vertical polarizations to
calculate the cost function. Ideally, one LWP value should exist
for which the brightness temperatures of horizontal and verti-
cal polarizations simultaneously coincide with the observation,
allowing appropriate LWP estimation. However, in reality,
because of RTM incompleteness, there is no estimation value
of LWP at which the observations in both polarizations per-
fectly coincide. Therefore, in the estimation procedure, the
brightness temperature of each polarization does not coincide
with the observation; it converges to a value for which the
sum of differences from observations in the two polarizations
is minimal. Accordingly, for a specific observed brightness
temperature, LWP values smaller and larger than the maximum
point may have nearly equal cost functions; even at points
where the LWP is small, they may erroneously converge to a
large value.

Fig. 2 shows that there are two values of LWP with
which the cost functions are nearly equal on both sides of
the LWP value at the point of maximum TB36. The area
around Grid46 is ocean, and the observed TB36 value was
about 262 K at vertical polarization and about 257 K at
horizontal polarization. When LWP is around 2∼2.5 kg/m2,
TB36 becomes closer to the observed value, but it is found
that TB36 of horizontal polarization shows similar values even
when LWP is as high as 5 kg/m2. Thus, the estimated LWP
value may have erroneously been determined at a greater value
than the maximum value.

Another possible cause is also considered as follows. Grid45
is ocean and very close to the coast in the model, but
observations indicate that land and ocean are mixed within
the footprint of this grid. The left figure in Fig. 2 is the
brightness temperature calculated by the RTM over land.
TB36 for horizontal polarization at Grid46 is 257 K for
vertical polarization as described above. This temperature is
corresponding to about 4 kg/m2 of LWP over land while about
6 kg/m2 over ocean according to Fig. 2. Then, the cost function
became minimum with a higher value of LWP than the actual
value. Therefore, it is indicated that the overestimation near
Grid46 is related to inconsistency between the model settings
and the mixed signals from clouds over the ocean and land
areas within the footprint. The method developed here includes
improvements to ensure that observed values containing mixed
signals from land and ocean are corrected using a linear sum
based on the ratio of land and ocean. In reality, the linear sum
of the ratio of land and ocean is not always applicable. For grid
points affected by clouds, no correction was applied, thereby
avoiding loss of the cloud signal (as described above). Based
on these results, we conclude that accurate correction of the

observed TB36 in land–ocean mixed footprints is essential for
the further improvement of the method.

VI. CONCLUSIONS AND CONSIDERATIONS

In this study, we examined the feasibility of a method (Le36)
to estimate LWP over land using satellite-based microwave
brightness temperatures at 36.5 GHz (TB36) without bright-
ness temperatures at higher frequencies. Le36 uses TB36
because it is less affected by ice particles of clouds, leading
to higher accuracy of liquid-only estimation than meth-
ods that involve higher frequency measurements. However,
cloud signals in TB36 are relatively small, thus requiring a
more accurate representation of heterogeneous land radiation.
Le36 realized this by simultaneously estimating land and
atmospheric states, and then dynamically representing land
radiation.

First, we examined an LWP estimation method over land
using 36.5 GHz based on simulation results from RTMs and
a fundamental understanding of microwave radiative transfer
properties. In particular, we found that at 36.5 GHz, there is a
range of LWP values where two different LWP values corre-
spond to a single Tb measurement. Therefore, increasing the
information content by using both polarizations is necessary
to enhance the likelihood of converging to the correct LWP
value.

Then, we conducted synthetic simulations to investigate the
validity, scope of application, and limitations of the method
using TB36. The results indicated that the method can be
applied to clouds with a wide range of LWP for cloud-only
cases and with LWP greater than 1.5 kg/m2 for cloud-plus-
rain cases even over land if the CT setting is appropriately
constrained by independent CT information. In cases without
supplementary CT information, there is a need to focus on
high-CT (>8000 m) clouds. The shape of the vertical distri-
bution of CWC is also a factor contributing to the error in
LWP estimation, but its impact is smaller compared to the
setting of CT, making it crucial to first ensure the appropriate
configuration of CT.

Then, we applied the system to real cases and evaluated its
performance by comparing estimation results with the results
from Le89, which uses TB89 instead of TB36, and CloudSat
products. The evaluations showed the following results.

LWP estimates of Le36 well matched with CS_RVOD_liq
on average and with CS_RVOD in horizontal distribution.
Le36 consistently estimated reasonable values and horizontal
distribution of LWP, even over land, without the use of high-
frequency microwaves. The LWP estimation results and the
difference between Le36 and Le89 suggested that Le36 rea-
sonably estimated LWP and performed better for liquid-only
estimation than Le89. Without CT information (Es_AM), for
clouds with small cloud signals, LWP is underestimated and
the performance was not particularly good. However, using
CT information (Es_CS), the results of estimation for small
LWP are much improved, and LWPs about 1.0 kg/m2 were
well estimated in real cases, indicating the effectiveness of
the simultaneous estimation method for land and atmosphere.

The results also show that LWP estimation is more sensitive
to brightness temperature for TB36 than for TB89, particularly
over land. Therefore, LWP estimation using TB36 requires
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Fig. 16. As described in Fig. 11, but for Case 2.

higher accuracy estimation, including a more appropriate rep-
resentation of land radiation compared with estimation using
TB89. Taking these factors into consideration, the results of
real-case simulations indicate the promising performance of
Le36 in liquid-only LWP estimation over land. In addition, the
method can reduce the information requirements for LWP esti-
mation, conserving high-frequency microwave observations
for further partitioning estimation, thereby enabling estimation
of the ice cloud water path from the difference between
TB36 and TB89. Furthermore, Le89 exhibits a little superior
performance in estimating small LWP values. Therefore, it can
be inferred that combining TB89 with Le36 would be advan-
tageous for estimating LWP within this range.

Based on our findings from both synthetic and real-case
simulations that estimated LWP is highly sensitive to CT
height, LWP estimation error can be reduced by improving the
setting of CT height. The cloud radar products from CloudSat
used to identify the CT height in real-case studies have very
narrow spatiotemporal coverage; therefore, information about
CT height cannot be directly applied to the estimation of LWP.
However, using near-infrared observations and temperature
profiles obtained by other satellites with wide coverage and
high observation frequency (e.g., Himawari 8), CT height can
be estimated. Using these data as boundary conditions for the
estimation process should improve LWP estimation accuracy
by Le36.

Because 36.5 GHz has a large footprint, numerous obser-
vations include both land and ocean areas within a footprint
although the corresponding grid is designated as either land or
ocean in the model. In such areas, estimated LWP values can
become excessive and inconsistent with values in surrounding
areas. Therefore, we need to thoroughly investigate the quality
check of observation data involving mixed ocean and land
areas, as well as the methods for data correction.

Fig. 17. As described in Fig. 12, but for Case 2.

Fig. 18. As described in Fig. 13, but for Case 2.

As described above, information regarding the distribution
of hydrometeor types is essential for comprehension and
accurate representation of cloud characteristics; however, such
information has been difficult to simultaneously estimate over
land and on the basis of satellite data. The findings in this
study imply that reasonable LWP (liquid-only cloud and rain
water path) estimation can be conducted even over land using
satellite passive microwave measurements at 36.5 GHz, with-
out measurements at higher frequencies. In addition, higher
frequency measurements include information regarding ice
water content. Therefore, in the next step, these measurements
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Fig. 19. As described in Fig. 14, but for Case 2.

Fig. 20. As described in Fig. 11, but for Case 3.

can be used in the partitioning estimation of liquid and ice
water paths.

Furthermore, cloud and rain partitioning estimation using
LWP estimates from Le36 is important for future development
because the variety of hydrometeors within a cloud system
determines the lifetime of the system and its precipitation
characteristics, as noted in Section I.O’Dell et al. [10] and
Elsaesser et al. [11] reported long-term climatology for cloud
LWP and LWP (the sum of cloud and rainwater paths) based
on the aggregation of products from several passive microwave

Fig. 21. As described in Fig. 12, but for Case 3.

Fig. 22. As described in Fig. 13, but for Case 3.

retrieval methods. However, because these retrieval methods
cannot directly estimate the rainwater path, they constructed
data for the LWP using the rainwater path derived from an
empirical relationship with rainfall rate. These assumptions
related to liquid cloud and rainwater partitioning have been
identified as a major source of systematic errors in their results.
Lebsock and Su [8] also reported that partitioning of the emis-
sion signal between cloud and rainwater is presumably the
greatest source of error in the estimation of cloud LWP. The
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Fig. 23. As described in Fig. 14, but for Case 3.

scattering effect of rain particles depends on particle oblate-
ness, which can affect the difference between horizontal and
vertical polarizations; accordingly, raindrops tend to induce
more scatter for horizontally polarized microwaves than for
vertically polarized microwaves [39], [40]. For TB36, the dif-
ference between polarizations is relatively large. Specifically,
the difference in TBs between polarizations at the top of the
atmosphere is affected by the extent of hydrometeor attenu-
ation. Cloud and rain particles have attenuation coefficients
that are close to a first-order approximation, but at 36.5 GHz,
precipitation often has a larger distinction coefficient than
clouds. Thus, even with identical radiation from the land
surface, the radiation reaching the upper atmosphere will
vary depending on the cloud and precipitation composition.
Therefore, the polarization difference in radiation observed at
the top of the atmosphere—over land and at 36.5 GHz—is a
function of the attenuation coefficient, which is smaller when
there is additional precipitation than clouds, even when the
total amount of moisture in the atmosphere is identical. These
considerations support the possibility of an algorithm for
separate estimation of cloud and rainwater paths based on the
polarization characteristics of TB36 and using Le36-measured
LWP as the total LWP. As synthetic simulations showed, one
of the reasons for the low estimation accuracy of small LWP
clouds is the presence of a mixture of clouds and rain. Thus,
there is a possibility that distinguishing between clouds and
rain more effectively could improve the estimation of small
LWP of rainy clouds.

To enhance the estimation method, it is necessary to explore
additional aspects, such as preprocessing and enhancing the
quality of observational data, including technical consider-
ations such as optimizing CT height settings. Also, it is
imperative to conduct further verification using diverse sources

Fig. 24. Examples of water vapor and potential temperature profiles for the
RTM simulations shown in Fig. 2. (Left) Over the ocean. (Right) Over land.

Fig. 25. Vertical profile of CS_RVOD (g/m3) for Case 1.

of observations in order to establish a robust and compre-
hensive method for accurate cloud water path estimation.
However, this study has provided the first evidence of the
potential to estimate liquid-phase CWC over land using the
Ka-band by simultaneously estimating land and atmospheric
states and integrating it with CT height information.

APPENDIX

Figs. 16–23 show the results of Cases 2 and 3 corresponding
to Figs. 12–15. 2B-CWC-RVOD has fewer missing values
compared to 2B-CWC-RO, but it can still exhibit missing
values in heavy rainfall areas. Grids near Grid20 and Grid35-
40 in Case 2 are likely affected by these missing values.
On the other hand, in Le36, CS_RVOD is missing, leading
to the overestimation of large LWP values. For Case 3,
at many profiles, 2B-CWC-RVOD solid-phase CWC data were
missing, so we also used CS_ICE, which is the sum of liquid
CWC from 2B-CWC-RVOD and ice CWC from 2C-ICE for
reference. The CloudSat products available for comparison
are limited, but both Cases 2 and 3 exhibit results similar to
Case 1. LWP estimation using Le36 shows a similar averaged
value to CS_RVOD_liq (for Case 2: 1.14 and 1.40 kg/m2

and for Case 3: 0.19 and 0.28 kg/m2) and well represents
the similar 10-km-scale heterogeneity of LWP to CS_RVOD.
The sensitivity of estimation on TB36 is greater than that on
TB89, and therefore, a more accurate representation of land
radiation is required when using TB36. Moreover, although
LWP estimates tend to be smaller than those of Le89, as only
the liquid-phase CWC signal is captured, the appropriate LWP
values are obtained even over land.

Fig. 24 shows atmospheric profile examples used in the
RTM simulations shown in Fig. 2. Fig. 25 is the vertical profile
of CS_RVOD for Case 1. We determined the cloud layer for
LWP estimation in Es_CS based on this profile.
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