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Abstract: There are significant uncertainties in the retrieval accuracy of

multilayer clouds with different phase states, leading to bias in the

subsequent estimation of the surface downward shortwave radiation (DSR).

Single-layer clouds are generally assumed for the retrieval of cloud optical and

microphysical properties from satellite measurements, although multilayer

clouds often occur in reality. In this article, the impact of multilayer clouds

(thin ice clouds overlying lower-level water clouds) on the retrieval of cloud

microphysical properties is simulated with the radiative transfer model RSTAR.

The simulated results demonstrate the impact of double-layer clouds on the

accuracy of retrieval of the cloud parameters and estimation of DSR. To

understand the uncertainties of the input parameters, thorough sensitivity

tests are simulated by RSTAR in the Results section. As compared with the

retrieval results of single-layer clouds when the ice particle model of the upper-

layer cloud is assumed to be ellipsoidal, the maximum relative bias in DSR is

0.63% when the COT for the ice cloud is 1.2 and for water cloud is 32.45. When

the upper-layer ice cloud is assumed to be a hexagonal column, the maximum

relative bias in DSR is 55.34% when the COT for the ice cloud is 2 and for the

water cloud is 58.4. In addition, relative bias in DSR tends to increase both with

radiance and ice cloud COT for a given radiance. This finding can provide a basis

of reference for the estimation accuracy of radiative forcing in the IPCC report

and the subsequent enhancement and improvement of retrieval algorithms.
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1 Introduction

Clouds play an important role in the global energy budget

and water cycle and are indispensable components of the

Earth–atmosphere system (Liou, 2004). The distributions of

clouds are diverse and complex. Owing to different

macroscopic, microphysical, and optical properties, clouds

have different radiation effects at shortwave and longwave

regions and play different roles in radiative transfers of the

Earth–atmosphere system (Charlson et al., 1987; Albrecht

et al., 1988; Kiehl, 1994; Zhao and Garrett, 2015). The

Intergovernmental Panel on Climate Change (IPCC) Sixth

Assessment Report (AR-6) emphasized that the significance of

clouds and lack of sufficient understanding of cloud

characteristics are the main uncertainty factors for quantifying

climate change caused by anthropogenic factors (Stocker et al.,

2013; IPCC, 2021). Very small changes in the characteristics of

clouds at the global scale could generate significant influences on

the climate, and a growth of 4% in oceanic stratified clouds

globally will counteract the predicted rise of the global surface

temperature (approximately 2–3 K) caused by the doubling of

atmospheric carbon dioxide (Randall et al., 1984). Therefore, an

accurate understanding of cloud microphysical and optical

properties is of extreme significance to us to deeply

understand the complicated interactions among clouds,

radiation, and climate and to further improve climate

modeling and climate predictions (Zhao et al., 2012; Zhang

et al., 2013; Wang and Zhao, 2017).

Satellite remote sensing has become an important approach

for monitoring cloud microphysical and optical properties due to

its well-calibrated instruments. Over the past several decades,

researchers have made considerable progress in using satellite

detection data to retrieve cloud optical thickness (COT) and

effective particle radius (CER) (Arking and Childs, 1985; King,

1987; Twomey and Cocks, 1989; Nakajima et al., 1990; Nakajima

et al., 1991; Zhao et al., 2002; Liu et al., 2003; Chen et al., 2009;

Nauss and Kokhanovsky, 2011). The retrieval algorithm for COT

and CER proposed by Nakajima et al. (1990) is among the most

widely used algorithms currently available.

For the retrieval of COT and CER for water clouds, it is

generally presumed that the clouds are uniformly distributed

vertically and horizontally. Water cloud droplets are generally

assumed to be spherical particles such that the Lorenz–Mie

theory could accurately calculate the scattering properties of

water clouds. By contrast, due to the inhomogeneous

distribution and complexity of the particle shapes of ice

clouds, their radiation characteristics no longer follow the

Lorenz–Mie theory. Ice-cloud particle shape directly affects

the computation of single scattering properties (e.g., phase

function, scattering albedo, and asymmetry factor) and further

affects calculations of ice cloud radiation values (Baum et al.,

2005; Baum et al., 2011). Particularly, understanding ice crystal

scattering properties is essential for retrieving ice cloud optical

parameters. However, ice cloud particles have various habits and

sizes, and their retrieval has significant uncertainties (Letu et al.,

2016; Mei et al., 2018).

At present, the algorithms used for retrieval of cloud

parameters are mostly based on single-layer assumption. This

assumption ignores the presence of multilayer clouds and

therefore causes uncertainties in retrieval. Satellite

observations have been used for the detection and retrieval of

ice cloud microphysical and optical properties with algorithms; a

cloud property retrieval algorithm must be computationally

efficient. For this reason, cloud retrieval algorithms usually

assume a horizontally and vertically homogeneous single-layer

plane parallel cloud, and radiative transfer calculations are

performed in advance for specified values of input parameters

and stored in a lookup table (LUT). The retrieved COT and CER

values are obtained by interpolation in the LUT. However, actual

water clouds have vertically inhomogeneous cloud structures due

to the influence of cloud dynamical and microphysical processes

(Saito et al., 2019). Alexandrov et al. (2020) evaluated the

possibility of combining microphysical and macrophysical

retrieval methods to retrieve vertical profiles of the

microphysical characteristics of liquid clouds. Zhou et al.

(2018) explored the impacts of single habit assumption

(SHA), cloud inhomogeneity, and 3-D radiative effects on

cloud optical thickness (COT) and on effective diameter (De)

retrieval for midlatitude and tropical cirrus clouds done with

MODIS.

Accurate retrieval of COT and CER further affects the

calculation accuracy of downward shortwave radiation (DSR).

High-precision cloud microphysical parameters for different

phases (ice and water clouds) are employed to derive the DSR

product. The macro- and microphysical parameters of clouds

with different phase states are adopted as input parameters to

calculate DSR to improve its accuracy in regions covered by

liquid or ice clouds (Letu et al., 2022). Due to the presence of

multilayer clouds, inference of cloud microphysical properties

from passive radiation measurements is compromised. Davis

et al. (2009) illustrated an important limitation of the MODIS

operational retrieval that overestimates the cirrus COT for scenes

in which a cirrus layer overlaps a lower cloud layer. This

limitation has been anticipated on the basis of the expected

effect of multilayered cloud systems on the top of atmosphere

radiance (Chang and Li, 2005). Figure 1 shows the vertical

structure of a double-layered cloud observed by CALIPSO and

the corresponding MODIS image, which shows that the upper

layer is an ice cloud and the lower layer is a water cloud. Under

the situation that an ice cloud overlaps a water cloud, the satellite

measurements are the accumulation of information mostly from

the cloud top, causing the estimated cloud properties to become

biased by following the single-layer and homogeneous

assumption.

Multilayer clouds are nowadays recognized to have a major

impact on the Earth–atmosphere radiation balance because of
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their high spatial and temporal coverage. However, these are still

poorly understood due to the difficulties in describing the wide

range of their microphysical and optical properties in remote

sensing and global climate models. Multilayer clouds can be very

complex in nature in terms of the total number of layers and the

way of overlaying of varied cloud phase states. Generally

speaking, when the upper layer is a thin cirrus cloud and the

lower layer is a mid-low water cloud, the emitted radiation of the

mid-low layer cloud can penetrate the translucent cirrus cloud to

reach the satellite, resulting in an overestimation of the radiation

emitted by the cirrus cloud (Liu, 2015). Sourdeval et al. (2013)

proposed an algorithm to retrieve cirrus and multilayer clouds.

Xiong et al. (2002) used AVHRR data to study the retrieval of

cloud parameters in an Arctic area. When the effective particle

radius is 30 µm and the thin cirrus cloud with COT of

0.2 overlapped on the lower-layer water cloud with variables

CER and COT, the water cloud CER retrieved by the experiment

was larger than the actual water cloud CER by 35%–50%, and the

COT was less by 70%–80% (Xiong et al., 2002). Ye et al. (2009)

used MODIS data to study a COT and effective particle radius

retrieval algorithm under the conditions of multilayer clouds and

found that the identification of multilayer clouds can reduce

cloud parameter retrieval uncertainties.

In this article, to figure out the influence of vertical variations

in cloud phases on cloud parameter retrieval and estimations of

DSR, we use the RSTAR radiative transfer model to simulate the

sensitivity of satellite-observed radiance and DSR for different

cloud parameters, solar and satellite viewing geometries, and, on

that basis, we estimate the retrieval bias of cloud parameters

caused by the double-layer cloud structure. The quantitative

analyses of the retrieval bias of cloud parameters can provide

a reference basis for the accurate estimation of DSR and the

improvement of subsequent cloud parameter retrieval algorithm.

2 Method and implementation

RSTAR is a comprehensive radiative transfer package

designed for multiple purposes. It has been used in the

development of sea color retrieval algorithm of satellite sensor

ADEOS/OCTS and ADEOS-Ⅱ/GLI. It has also been used in

evaluation of the relationship between aerosol and DSR, and

retrieval of cloud microphysical properties and surface solar

radiation (Letu et al., 2020; Ma et al., 2020). The RSTAR

transfer model is used to understand the uncertainties of

cloud and DSR retrievals over clouds those are assumed to be

single layered while actually being double layered. The RSTAR

model is a set of numerical models of atmospheric radiative

transfer that are applicable to the plane parallel atmosphere

(Nakajima and Tanaka, 1986; Nakajima and Tanaka, 1988),

and the calculated wavelengths can cover 0.17–1,000 μm. The

plane parallel atmosphere can be divided into 50 layers from the

sea surface level to the highest altitude of 120 km, and six

atmosphere models (Tropical, Mid-latitude summer, Mid-

latitude winter, High-latitude summer, High-latitude winter,

and US standard) can be selected. The cloud particle

scattering model is composed of water and ice clouds. The ice

cloud model further consists of various ice scattering kernels,

such as spheroid and ellipsoidal shapes and hexagonal columns.

Liou (1972) assumed that the ice crystal was a cylinder. The

International Cirrus Experiment (ICE) project implemented in

1991 confirmed that the basic shape of ice crystals is

approximately hexagonal (Letu et al., 2015; Key et al., 2002;

C-Labonnote et al., 2000). So, we chose the ellipsoidal and

hexagonal columns as typical shapes of ice cloud particles in

our simulation. In the actual simulation, we input satellite

geometric angle parameters (solar zenith angle, satellite zenith

angle, and the difference between the solar and satellite azimuth

FIGURE 1
CALIPSO double-layer clouds and MODIS cloud phase.
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angles) for any pixel point and defined the central wavelength

and width of each waveband to be calculated, as well as the wind

velocity at each point. The types of atmospheric models used

were the U.S. standard atmosphere and standard aerosol models

assumed to be of the rural type. The advantages of these models

are flexible computation scheme, high computational accuracy,

incorporation of many factors, and abundant output results. In

this article, we have primarily used RSTAR to simulate satellite-

observed radiance and estimate DSR (W/m2).

Theoretically, the radiance received by the satellite sensor not

only depends on the solar irradiation and observation angle but

also depends on the COT and effective particle radius of the

cloud. Clouds are the important meteorological factors those

affect the arrival of solar energy at the surface. Therefore, we first

carried out an experiment on the sensitivity of the model’s

simulated satellite-observed radiance and DSR to the relevant

parameters and determined an appropriate selection of

simulation parameters. The model sensitivity experiment was

used to inspect the influence of different input parameters on the

output results. In the simulation, we fixed other conditions and

parameters and only changed one condition or parameter at a

time to analyze the variation characteristics of satellite-observed

radiance and DSR with the changes in the simulation conditions

or single parameter; that is, the sensitivity to single factors was

studied. The relevant model input parameters are listed in

Table 1.

3 Results and discussion

3.1 Sensitivity analysis of the simulated
satellite-observed radiance to the input
parameters

The sensitivity analysis was performed using the RSTAR

model to understand the uncertainties of the most important

input parameters, which included SZA, VZA, COT, CER, and

surface albedo. This work is focused on double-layer cloud

condition and does not involve the more complex multilayer

cloud condition. In this study, we used a 0.64-μm (water and ice

clouds at weakly absorbing channel) center wavelength to

calculate the sensitivity of satellite-observed radiance to the

input parameters. The radiance calculated for the different

cloud phase states drastically decreases with increasing SZA

range from 25° to 75° as shown in Figure 2A. The radiance of

the hexagonal-column ice crystal is higher than that of the water

cloud and ellipsoidal ice crystal models. The radiance increases

with increasing VZA range from 10° to 60° as shown in Figure 2B.

When the VZA is 50°, the difference among the three cases is

small. The radiance of the water cloud, ellipsoidal ice crystal, and

hexagonal-column ice crystal models are 196.9 W/m2/μm/sr,

194.3 W/m2/μm/sr, and 198 W/m2/μm/sr, respectively. The

increasing trend of the radiance calculated by the hexagonal-

column ice crystal model is relatively gentle, while the radiance

calculated with the water cloud and ellipsoidal ice crystal models

showed significant increases and was higher than that of the

hexagonal-column ice crystal model when the angle was greater

than 50°. The radiance increased with increasing COT in the

three scattering models shown in Figure 2C. An increasing trend

was obvious when COT was less than 10, but slowed down when

COT was greater than 10. Figure 2D shows that when the CER is

the same, the radiance calculated with the hexagonal-column ice

crystal model is significantly higher than those of the ellipsoidal

ice crystal and water cloud models. When the CER reaches

16 μm, the radiance shows a decreasing trend, while the

decrease slows down as the CER exceeds 16 μm. When it

reaches 64 μm, the difference between the calculated values of

the water cloud and ellipsoidal ice crystal models is small. It can

be seen from Figure 2 that the difference between the radiance

calculated by the water cloud model and the ellipsoidal ice crystal

model is small, and the variation trend is relatively consistent.

The radiance calculated by the hexagonal-column ice crystal

model is generally higher than that calculated by the water cloud

model and the ellipsoidal ice crystal model.

For clouds with different phases, the radiance values are

obviously different. The different scattering characteristics

TABLE 1 Input parameters used in the RSTAR.

Parameter Abbreviation Symbol Value range in the
simulation

Unit

Solar zenith angle SZA TH0 25–75, 30–80 Degree

Satellite zenith angle VZA TH1 10–60 Degree

Relative azimuth angle AZ FAI 0 Degree

Water cloud optical thickness COT τw 1–80 —

Ice cloud optical thickness COT τi 0–5 —

Water cloud effective particle radius CER WC re 4, 8, 10, 16, 32, 64 μm

Ice cloud effective particle radius CER IC re 4, 8, 16, 32, 64 μm

Surface albedo Albedo ρ 0.1–1 —
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of ice crystals lead to the different radiance characteristics

of ice clouds. It has been proved that in the retrieval of ice

cloud microphysical and optical parameters, the

appropriate selection of an effective ice crystal model can

avoid the retrieval bias caused by using different ice crystal

models.

Then, the COTs of 1, 3, and 5 are used as the representative to

analyze the variation trend and difference of radiance calculated

FIGURE 2
Sensitivity of satellite radiance to different parameters. (A) TH1 = 30o, FAI = 0o, ρ� 0.1, IC re� 64 μm, WC re� 10 μm, τ � 10. (B) TH0 = 60o, FAI =
0o, ρ� 0.1, IC re� 64 μm, WC re� 10 μm, τ � 10. (C) TH0 = 60o, TH1 = 30o, FAI = 0o, ρ� 0.1, IC re� 64 μm, WC re� 10 μm. (D) TH0 = 60o, TH1 = 30o,
FAI = 0o, ρ� 0.1, τ � 10.

FIGURE 3
Sensitivity of radiance to clouds with different phase states and COT. (A) TH1 = 30°, FAI = 0°, IC re � 32 μm,WC re� 10 μm. (B) TH0=60°, FAI = 0°,
IC re � 32 μm, WC re� 10 μm. (C) TH0 = 60°, TH1 = 30°, FAI = 0.
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with different cloud phase states and ice crystal scattering

models. Figure 3A shows that when the SZA is 30°, the

differences in calculated radiance for various cloud phase

states under the same COT are relatively small. When COT is

1, the difference is 13.31 W/m2/μm/sr; when COT is 3, the

difference is 39.6 W/m2/μm/sr; and when COT is 5, the

difference is 53.2 W/m2/μm/sr. The radiance and variation

trends for clouds composed of water and ellipsoidal ice

crystals are relatively similar. Figure 3B shows that the

radiance for the different cloud phase states increases with

increase in VZA. The rising trend for the calculated values for

a hexagonal column of ice crystals is relatively slow, and the

variation trend for the calculated values for a water cloud is

relatively consistent with the values for a hexagonal column of ice

crystals and is smaller than the values for a hexagonal column of

ice crystals for VZA below 30°. For VZA exceeding 30°, the

upward trends increase and intersect at approximately 50°.

Subsequently, the calculated values for the water cloud are

higher than those for the hexagonal column of ice crystals.

Figure 3C shows that the radiance calculated for the water

cloud with different CERs increases as COT increases, and the

increasing magnitude of enhancement is relatively obvious when

COT is less than 11. When the CER is 4 μm and the water cloud

optical thickness is 1, the calculated radiance is 43.38 W/m2/

μm/sr, and when the water cloud optical thickness is 11, the

calculated radiance is 140.4 W/m2/μm/sr. However, when the

CER is smaller than 8 μm, the differences in the calculated values

for 4 and 8 μm are relatively large. For example, when the water

cloud optical thickness is 21 and the CER is 4 μm, the radiance is

170.7 W/m2/μm/sr; when the CER is 8 μm, the radiance is

164.4 W/m2/μm/sr; when the CER is 16 μm, the radiance is

160.2 W/m2/μm/sr; and when the CER is 32 μm, the radiance

is 157.6 W/m2/μm/sr.

The results show that the radiance for water and ice cloud

models is significantly different as a function of SZA, VZA, COT,

and CER because of the different single-scattering and

microphysical properties between water and ice cloud

particles. Therefore, it is important to differentiate the water

and ice cloud properties respectively to ensure accurate

calculation of the DSR.

3.2 Sensitivity analysis of the simulated
downward shortwave radiation to input
parameters

The accuracy of the calculated DSR depends largely on the

reliability of the cloud parameters (Letu et al., 2022). In cloudy

conditions, the simulation using the RSTAR model on the

downward shortwave radiation at the surface contains several

important input parameters: solar zenith angle, COT, and

effective particle radius for different phase states. The values

of the simulated waveband were in the range of 0.295–3 µm,

which is the interval wherein solar energy is concentrated, and we

selected 30 representative wavebands (0.295, 0.30, 035, 0.38, 0.40,

0.412, 0.443, 0.45, 0.46, 0.49, 0.52, 0.545, 0.565, 0.625, 0.67, 0.71,

0.749, 0.763, 0.865, 1.05, 1.13, 1.24, 1.38, 1.5, 1.63, 1.70, 1.80, 2.21,

2.50, and 3.00) to calculate DSR. In the actual calculation process,

in order to balance the calculation speed and accuracy, 30 typical

wavelengths are selected as integration nodes. The 30 typical

solar spectrum nodes can reach 99% of the dense (262 integration

nodes) downward shortwave radiation spectrum integration

value and meet the requirements of calculation speed and

accuracy (Ma et al., 2019).

The DSR of the three cloud types with different input

parameters was analyzed. The DSR decreases rapidly with

increasing the SZA range from 25° to 75° as shown in

Figure 4A. The DSR calculated by the hexagonal-column ice

crystal model is significantly lower than that calculated using the

water cloud and ellipsoidal ice crystal models, and the difference

between these decreases gradually. The DSR increases with

increasing surface albedo as shown in Figure 4B. The

difference between the DSR calculated by water cloud and

that calculated by the ellipsoidal ice crystal model is very

small when the surface albedo is 0.7. The calculated value of

water cloud is 341.42 W/m2, the calculated value of the ellipsoidal

ice crystal model is 340.85 W/m2, and the calculated value of

water cloud is higher than that of the ellipsoidal ice crystal model.

When the surface albedo is 1, the difference between the three

reaches the minimum. The multiple scattering effect between the

atmospheric medium and the surface can be seen in Figure 4B,

and the single scattering albedo of the water cloud also

contributes to the results. The DSR decreases gradually with

the increase of COT as shown in Figure 4C. When COT is less

than 10, the DSR decreases obviously, and the decreasing trend is

slow when COT is greater than 10, and the trend of the three

changes seems consistent. Figure 4D shows that the DSR

calculated by the hexagonal-column ice crystal model is

significantly lower than that of the water cloud and ellipsoidal

ice crystal models. The results of the water cloud and ellipsoidal

ice crystal models are very close.

Taking the COTs of 1, 3, and 5 as the representative, we

analyzed the variation trend and difference of DSR calculated by

assuming different phases and ice crystal models. Figure 5A

shows that the DSR calculated for different cloud phase states

exhibited rapidly declining trends with increasing SZA and the

differences between the calculated values for water clouds and the

hexagonal-column ice crystal gradually decreased. The calculated

value for a hexagonal-column ice crystal is smaller than that for a

water cloud. When the SZA is 30° and COT is 5, the difference is

the largest and reaches 140.45 W/m2. At the same time, the

calculated value for a hexagonal-column ice crystal is smaller

than that for ellipsoidal ice crystals. When the SZA is 30° and

COT is 5, the difference is the largest and reached 165.93 W/m2.

Figure 5B shows that the DSR calculated for different cloud phase

states exhibited upward trends with increasing surface albedo,
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and the differences gradually decreased. Under the same COT,

the calculated values for the water cloud model were higher than

the calculated value for the hexagonal column ice cloud model.

The asymmetry parameter might be the reason for the values to

be almost equal in Figure 5B. Yang et al. (2013) compared and

analyzed more than six shapes to describe ice crystal particles in

ice clouds, and the new data library presented in this article

provides the basic and consistent single-scattering data for a

selection of ice crystal sizes and shapes observed in the

atmosphere. RSTAR uses the phase functions indirectly. Chen

and Zhang, 2018 analyzed the effects of ice crystal habit weight

on ice cloud optical properties and radiation by referring to

FIGURE 4
Sensitivity of DSR to different parameters. (A) ρ� 0.1, IC re� 64 μm, WC re� 10 μm, τ� 10. (B) TH0 = 60o, IC re� 64 μm, WC re� 10 μm, τ� 10. (C)
TH0 = 60o, ρ� 0.1, IC re� 64 μm, WC re� 10 μm. (D) TH0 = 60o, ρ� 0.1, τ� 10.

FIGURE 5
Sensitivity of DSR to clouds with different phase states and COTs. (A) ρ = 0.1, IC re = 32 μm,WC re = 10 μm. (B) TH0 = 60° (C) TH0 = 60°, ρ = 0.1.
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FIGURE 6
Equal radiance values for different cloud phase states. TH0 = 30°, TH1 = 50°, FAI = 0°, τw = 1–80, τ i = 0–3, IC re = 64 μm, WC re = 10 μm.

TABLE 2 Differences in DSR for double-layer clouds (the upper ice cloud is composed of ellipsoidal ice crystals) with different optical thicknesses.

Radiance (W/m2/ μm /sr) COT (ice) COT (liquid) DSR (W/m2) Difference (W/m2) Relative bias
(%)

183.8 0 33.35 102.76 — —

— 0.4 33.06 102.51 -0.24 0.23

— 0.8 32.75 102.31 -0.44 0.42

— 1.2 32.45 102.10 -0.65 0.63

— 2 31.55 102.45 -0.30 0.29

TABLE 3 Differences in DSR for multilayer clouds (the upper ice cloud is composed of hexagonal ice crystals) with different optical thicknesses.

Radiance (W/m2/ μm /sr) COT (ice) COT (liquid) DSR (W/m2) Difference (W/m2) Relative bias
(%)

214.1 0 98.3 115.52 — —

— 0.4 79.5 140.7 25.18 21.79

— 0.8 69.8 157.49 41.97 36.33

— 1.2 64.3 168.12 52.6 45.5

— 2 58.4 179.46 63.94 55.34

198.1 0 50.7 72.08 — —

— 0.4 43.5 81.43 9.35 12.9

— 0.8 39.2 87.64 15.56 21.5

— 1.2 36.4 91.69 19.61 27.2

— 2 33.1 95.68 23.6 32.7

186.2 0 35.6 97.48 — —

— 0.4 31.2 106.68 9.2 9.43

— 0.8 28.35 112.76 15.25 15.64

— 1.2 26.5 116.3 18.82 19.3

— 2 24 119.91 22.43 23

Frontiers in Environmental Science frontiersin.org08

Ri et al. 10.3389/fenvs.2022.857414

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.857414


Yang’s method and simulated the shortwave band–averaged bulk

extinction coefficient and shortwave band–averaged asymmetry

factor. The shortwave band–averaged bulk extinction coefficient

calculated by each assumption is almost the same, and the

difference is mainly caused by the difference of asymmetry

factor. Ice crystal particles have higher backscattering, the

calculated values were almost equal when the water cloud

optical thickness is 5 and the ice cloud optical thickness is 3.

Figure 5C shows that in the case of double-layer cloud, when

COT of the lower-layer water cloud is small, the COT of the

upper-layer ice cloud has a great influence on the calculation of

the DSR, and the difference decreases with increase in the water

cloud optical thickness. By comparing the ellipsoidal ice crystals

with hexagonal ice crystals, the hexagonal ice crystals have a

greater influence on the calculation of DSR. As the COT of the

upper ice cloud increases, the DSR gradually decreases.

The simulation of ice cloud radiative transfer composed of

different ice crystal models is not only for the radiance values

observed by satellites but also of great significance for the

accurate calculation of DSR. There is a significant difference

between the DSRs calculated by the ice crystal models with

different shapes. The reason for these differences is that the

asymmetry factors of ice crystals with different shapes are

different. It shows that choosing the shape of ice particles

correctly is very important to accurately calculate the DSR.

According to the above sensitivity analysis, we constructed

reasonable LUTs those help in calculating relative bias and

improving the accuracy of DSR. The relative bias calculated in

this article refers to the ratio between the DSR calculated by

simulation in the single-layer cloud model and the differences

between the DSRs calculated by single-layer and double-layer

cloud models.

3.3 Statistical analysis of the retrieval bias
of downward shortwave radiation in the
case of double-layer clouds

The accurate retrieval of cloud microphysical parameters

such as COT and CER is the premise for accurate simulations of

DSR. Regarding multilayer clouds, the radiance values of the

same pixel observed by satellite contain integrated information

on upper-layer ice clouds and lower-layer water clouds.

According to the results of the sensitivity analysis presented in

section 3.1, when the SZA is 30°, the differences in calculated

radiance for COT under different cloud phase states were

relatively small. When the VZA is approximately 50°, the

calculated radiance values for different cloud phase states

intersect. Therefore, when we used RSTAR to analyze the

retrieval bias of cloud parameters caused by double-layer

clouds, we selected SZA of 30°, VZA of 50°, and AZ of 0° as

representative for the simulation. When the CER exceeded 8 μm,

the differences in calculated radiance were relatively small. In the

mid-latitude region, water cloud particle radius of 10 μm and ice

cloud particle radius of 65 μm are typical, so we selected a water

cloud particle radius of 10 μm and an ellipsoidal ice crystal

particle radius of 65 μm as the input values in the simulation.

As shown in Figure 6, when the solar elevation angle is fixed,

we selected ice cloud optical thicknesses of 0–3, CER of 64 μm,

water cloud optical thicknesses of 1–80, and CER of 10 μm as

representative. We used the LUTs to determine the combinations

of water cloud and ice cloud optical thicknesses that produce the

same radiance values observed by the satellite.

For the double-layer cloud, the upper-layer ice cloud is

composed of ellipsoidal ice crystals; COTs are 0, 0.4, 0.8, 1.2,

and 2; the CER is 65 μm; and the representative CER of the lower-

layer water cloud is 10 μm. We used the lookup table method to

retrieve the corresponding overlap values in ice cloud and water

cloud optical thicknesses that could yield the same radiance value

observed by the satellite sensor, and we calculated the DSR under

the combined situation (Table 2). The simulation results indicate

that under the same radiance value observed by the satellite, the

ice cloud and water cloud optical thicknesses could be combined

in multiple ways. When the modeled ice crystals were ellipsoidal,

the differences between the retrieved water cloud and ice cloud

optical thicknesses were relatively small. Therefore, the

differences of DSR were also relatively small, and the

maximum relative bias reached 0.63%. The results were

consistent with the conclusions obtained in the sensitivity

analysis.

For the double-layer clouds, when the upper-layer ice cloud is

a hexagonal-column ice crystal, the COTs are 0, 0.4, 0.8, 1.2, and

2; the CER is 65 μm; and the representative CER of the particles

composing the lower-layer water cloud is 10 μm. We calculated

the DSR corresponding to each combined situation (Table 3)

under the same satellite observation radiance. The simulation

results indicate that in comparison with ellipsoidal ice crystals,

the differences in the water cloud and ice cloud optical

thicknesses obtained from the retrieval of the cloud,

presuming the hexagonal-column ice crystal under the same

radiance value were very large, and the relative bias exhibited an

upward trend as radiance increased. When the radiance value is

186.2 W/m2/μm/sr, the largest relative bias is 23%; when the

radiance value is 198.1 W/m2/μm/sr, the largest relative bias is

32.7%; and when the radiance value is 214.1 W/m2/μm/sr, the

largest relative bias is 55.34%. In comparison to the single-layer

water cloud, larger ice cloud optical thicknesses correspond to the

increased influence on the calculation accuracy of DSR, and the

increasing difference trend became relatively slow.

4 Conclusion

In this study, we used the RSTAR radiative transfer

model to analyze the sensitivity of satellite-observed

radiance and DSR to various cloud parameters, solar
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zenith angle, and satellite observation angle. We

quantitatively estimated the bias on the retrieval of cloud

parameters and estimation of surface solar radiation caused

by different cloud phase states and an assumption of a

double-layer cloud in the ice crystal model, and the

following conclusions drawn:

(1) Different cloud parameters (cloud phase, COT, CER, and ice

crystal model), SZA, and surface albedo can affect the

satellite-observed radiance and DSR. Moreover, it is

shown that the variation trends for the calculated values

of water clouds and ellipsoidal ice crystals are relatively

consistent, and the calculated values for hexagonal-

column ice crystals are considerably different from the

first two.

(2) For the same pixel level radiance, we can use different

combinations of ice and water clouds to retrieve different

optical and microphysical parameters, which, as a

consequence, will impact uncertainties in estimates of

surface solar radiation. The analyses indicate that relative to

the retrieval results of single-layer clouds, when the particle

shapes of an upper-layer ice cloud are ellipsoidal, the

estimation bias in surface solar radiation caused by retrieval

bias is relatively small, and the highest relative bias reaches

0.63%. When the particle shapes for the upper-layer ice cloud

column were hexagonal, the ice cloud optical thickness is

2 and the water cloud optical thickness is 58.4. The highest

relative bias for the estimation of surface solar radiation caused

by the retrieval bias of cloud optical thickness reached 55.34%,

and the relative bias exhibited an increasing trend as radiance

increased. A thick upper layer tends to hide a lower layer and

precludes accurate estimation of its properties. Therefore,

when we retrieve cloud parameters from satellite

measurements, we cannot neglect the influences caused by

double-layer clouds. At the same time, it is also important to

choose the appropriate ice crystal model.

As compared to water clouds, ice crystals have complex

nonspherical properties, which can result in large

uncertainties in the cloud radiative impacts, and the accuracy

of calculated DSR depends largely on the reliability of cloud

parameters. Future work should focus on the case of the triple

layers or more complex overlay. For an extensive validation,

more measurements will be taken into account. The bias analysis

method presented in this article can provide reference for the

evaluation of remote sensing cloud products at present and the

evaluation of radiative forcing by cloud products in future IPCC

reports (Yang et al., 2013; Chen and Zhang, 2018).
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