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Fig. 1 Spectral parameter distribution curves of a cloudy atmosphere under different temperatures, atmospheric pressures, particle

effective radii, and water contents. (a) Cloudy atmosphere extinction coefficient; (b) cloudy atmosphere single-scattering albedo;

(¢) cloudy atmosphere asymmetry factor
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Fig. 2

Spectral distribution curves of single-scattering albedo.

(a) Cloud single-scattering albedo; (b) cloudy atmosphere single-

scattering albedo
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Table 1 Visible and near-infrared surface radiation accounted for the proportion of total upward radiation

Cloud extinction

Cloud type Base /km Top /km coeficient /km-! Optical thickness Proportion
As 2.400 3. 000 128.1 76.9 5.4X107%
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Table2 Parameters of the cloudy atmosphere scene
Parameter
Atmospheric model
Atmospheric altitude range/km

Content
Absorber

Scattering phase function model

1976 U. S. standard atmosphere
0-100
H,0, CO,, CH,, N,O, O,, CO, N,, O,
H-G model
Ground temperature /K
Ground albedo
Cloud type
Altitude range of cloud /km

288
0.03
Cu
4.02-5.22
Vertical resolution /km 0.04
Average liquid water content of cloud /(g:m ")
Average particle effective radius of cloud /pm

0.16
6.10
1801001-6
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Fig. 6 Schematic of average extinction coefficient and processed average extinction coefficient in cloudy areas. (a) Spectral distribution

of cloudy average extinction coefficient; (b) cloudy average extinction coefficient in g space; (¢) cloudy average extinction

coefficient after scaling; (d) average extinction coefficient after scaling in g space
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Table 3 Band setting and the corresponding average

atmospheric transmittance

Band range /  Wavenumber Average
Band No. . .
pm range /cm transmittance
bl 2.20-2.40 4165-4545 0.8847
b2 1.80-1.95 5125-5555 0.0293
b3 1.50-2.00 5000-6665 0.6537
b4 2.30-2.60 384-4350 0.4281
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Fig. 7

MRE changing with the increasing interval amount when calculating upwelling radiance for the cloudy atmosphere using

different CKD methods. (a) Band b1; (b) band b2; (¢) band b3; (d) band b4
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Table 4 Group and intra-group quadrature weights in band b3 at number of quadrature intervals equaling to eight
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Fig. 8 Scheme of the maximal correlated parameter grouping

situation in band b3 when number of the quadrature

Group Maximal correlated parameter Integral weight between groups Quadrature weight
1 Froa 0.4887 0.4380 0.0756 0. 0885 0. 3980
2 w 0.5113 0. 0505 0.1756 0.1609 0.6130
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Fig. 9 1Inband b3, spectrum distribution curves of parameters in a cloudy atmosphere, rearrangement of these parameters and average

equivalent parameters in each interval when number of quadrature intervals is eight. (a)(b) Extinction coefficient; (¢)(d) asymmetry factor;

(e)(f) single-scattering albedo; (g)(h) solar flux density
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Table 5 Experimental design of clouds at different heights HEEB.
Scene No. Band number  Altitude range of cloud /km 3.3 =EEEITHI
1 1.02—2.22 73 2 U R T AR R T A AR R R K R
- b3 4027022 Y T RE BT SSP-MCKD 76 A 7l HUR #5122
3 9.02—10. 22
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Table 6 MRE calculated by different methods in cloud scenes
at different altitudes

MRE of radiance /%

Scene No.
Alogk PCOP-CKD  SSP-MCKD
1 32.69 5.30 0.47
2 27.07 7.53 4.30
3 26.05 9.10 0.26
Average error 28.60 7.31 1.68
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Table 7 Experimental design of cloud scenes with different particle effective radii and water content

Average particle

Average liquid water

Average cloud Standard deviation of

Cloud scene Scene No. effective radius of content of cloud / extinction coefficient / cloud extinction
cloud /pm (gm™) km™' coefficient /km™"
Cu S1 6.10 0.16 45. 38 21.75
S2 12.42 0.23 30. 27 14.32
Sc S3 14.72 0.52 57.20 37.42
S4 16.05 0.68 67.18 5.60
S5 13.72 0.36 42. 64 11.53
Ac S6 15.52 0.50 52.02 13.32
S7 16.02 0.58 58.37 17.46

#8 AREIMELEAR G255 T AR MRE
Table 8 MRE calculated by different methods in cloud scenes

with different optical properties

MRE of radiance /%

Scene No. SSP-

Alogk PCOP-CKD
MCKD
S1 27.07 7.53 4.30
S2 14.68 3.32 2.03
S3 31.23 18.32 13.67
S4 21.98 5.79 3.51
S5 16. 32 6. 86 1.54
S6 23.89 8.17 6.32
S7 27.75 11.96 7.44
Average error 23.27 8.85 5.04
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Technology, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, Jiangsu, China
Abstract

Objective Clouds have a significant influence on radiation propagation in atmospheres. In atmospheric remote sensing,
band radiative transfer (BRT) models in cloudy atmospheres are crucial and are widely used in climate change,
environmental monitoring, weather forecasting, and other research fields. Although the line-by-line (LBL) model is widely
acknowledged as the most accurate BRT calculation method, its widespread usage is constrained by its high cost.
Recently, correlated A-distribution (CKD) methods have progressed significantly and have emerged as the most promising
alternatives in BRT calculations. They provide a better balance of accuracy and efficiency compared to other methods.
However, most CKD methods tend to optimize quadrature parameters based on spectral distributions of absorption
coefficients in clear atmospheres and use band-averaged cloud optical properties (COPs), ignoring the influence of COP
changing with wavenumber. When COPs vary greatly in the wavenumber space, such treatment will cause significant
errors. This paper proposes a CKD method suitable for BRT calculation in cloudy atmospheres that takes into account the

effect of spectral parameters other than absorption coefficient on radiation.

Methods  Given the high cost of band radiative transfer calculations for cloudy atmospheres in remote sensing
applications, a maximum correlated A-distribution optimal algorithm for single-scattering parameters (SSP-MCKD) is
proposed. First, the CKD theory is extended to multiple spectral parameters for cloudy atmospheres, such as single
albedos, asymmetry factors, etc., after analyzing the correlation of their spectral distributions under different
environmental conditions. Further, based on the influence of spectral parameters on the single-scattering source function,
the maximum correlated parameter of each spectral line is confirmed. A maximum correlation parameter group is formed
by spectral lines with the same maximum correlated parameter. Based on the proportion of spectral lines within groups,
the quadrature intervals are divided into each maximum correlation parameter group. Further, spectral parameters within
the group are rearranged in the order of the maximum correlated parameter. The average equivalent parameters and
quadrature weights are then calculated between and within groups. Finally, experiments were conducted to verify the

applicability of the proposed method under different conditions.

Results and Discussions Fig. 7 shows the mean relative errors of radiation calculated using the Alog 4 method,
correlated k-distribution with parameterization of cloud optical properties (PCOP-CKD), and the SSP-MCKD method
under different number of quadrature intervals. With increasing quadrature intervals, the results of the three methods
gradually converge to those calculated using the LBL. model. The Alog # method mainly considers the influence of the
extinction coefficient, and the convergence curves are relatively stable. However, when the extinction coefficient is not the
maximum correlated parameter in a given band, poor results are obtained, as shown in Fig. 7(c). The PCOP-CKD
method ranks COPs based on the atmospheric absorption coefficients, where the correlation in the spectral distributions
between the atmospheric absorption coefficients and COPs is maintained. This method ignores the influence of cloud
scattering on BRT calculations. When the number of quadrature intervals is small, considerably desirable results are
obtained. However, when the number of quadrature intervals increases, its calculation accuracy improves slowly. Hence,
this method cannot meet the demand for practical engineering. The method proposed herein comprehensively considers the
influence of spectral parameters on BRT calculations. As the number of quadrature intervals increases, its calculation
accuracy has the fastest convergence speed.

Table 6 lists the mean relative errors of radiation calculated using the Alog £, PCOP-CKD, and SSP-MCKD methods
in clouds with different heights. The PCOP-CKD method considers cloud atmosphere as two parts: cloud and atmosphere.
This method is more accurate in the atmosphere part. This method in scene 1 is more accurate because of the lower cloud
and stronger gas absorption. The average error obtained using the SSP-MCKD method is 1. 68% , which is improved by
26.92 percentage points and 5.63 percentage points compared with that of the Alog 4 and PCOP-CKD methods,
respectively. Thus, the proposed method is suitable for BRT calculations in clouds at different heights.

Table 8 lists the mean relative errors of radiation calculated using the three methods for different cloud types. The

average error calculated using the SSP-MCKD method is 5. 54 % , which is improved by 17. 73 percentage points and 3. 31
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percentage points compared with that of the Alog # and PCOP-CKD methods, respectively.

Conclusions The proposed SSP-MCKD method can be effectively employed in BRT calculations for cloudy atmospheres
in remote sensing applications. This method has faster convergence in absorption, semi-absorption, and transmission
bands compared with the other two methods. When the cloud average extinction coefficient and standard deviation are
lower than 45 and 15 km™', respectively, the proposed method shows good results. Even when the cloud extinction
coefficients or its standard deviation increase significantly, this method still outperforms the other two methods. The idea
of optimizing and grouping according to maximum correlation parameters can be used as a reference to solve BRT

calculation problems in other mixtures containing both gases and particles.

Key words remote sensing; cloudy atmosphere; band radiative transfer; correlated 4-distribution; single-scattering source

function; maximum correlated parameter
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