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A radiative transfer model (RTM) that accurately and explicitly accounts for both absorbing and scattering
effects requires a substantial amount of computational effort. In the longwave (LW) spectral regime, the
atmosphere is optically opaque and absorbs a large portion of terrestrial thermal radiation. To alleviate
the computational burden, clouds are assumed to be only absorptive in most general circulation models
(GCMs) and their scattering effects are neglected. Using parameterizations of cloud bulk single-scattering
properties derived from the latest cloud optical property models for satellite remote sensing, this study
analyzes the numerical accuracy and efficiency of a variety of LW RTMs . The approaches considered in
this study include the absorption approximation (AA), the absorption approximation with scattering pa-
rameterization (ASA), the two-stream approximation (2S), a hybrid two- and four-stream approximation
(2/4S), and the discrete ordinate radiative transfer (DISORT) with multiple streams. These approximations
are benchmarked against 128-stream DISORT calculation. After evaluating the full ranges of ice and water
cloud optical and microphysical properties using these RTMs, we find that neglecting LW scattering effect
causes simulation errors as large as £15% by using the AA method. Among these RTMs, the 2/4S method
provides an optimal balance between computational efficiency and accuracy, leading to the maximum
cloud emissivity errors within +5%, 25th to 75th percentile errors about +1%, and almost zero net bias.
Therefore, the 2/4S approximation is computationally accurate and yet affordable option for incorporating
cloud longwave scattering effect into the radiation schemes used in weather and climate models.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Among the ten LW radiation schemes listed in Table 1, only
three schemes, namely CanCM4 [1], HadCM3 [15], and GISS Model

General circulation models (GCMs) are extensively utilized in
the study of our climate. Given the complexity of such models,
and tremendous computational resources are required in simulat-
ing past climate and projecting future climate. In the longwave
(LW) spectral regime, the atmosphere is relatively opaque; it ab-
sorbs and re-emits significant amount of terrestrial thermal radi-
ation. As a result, LW absorption dominates over LW scattering.
Because of strong atmospheric LW absorption and the fact that
resolving LW scattering requires additional computational effort,
most GCMs listed in Table 1 account for only LW absorption and
neglect LW scattering to alleviate the computational burden. This
simplification is implemented regardless of the presence of clouds
[31-35].

* Corresponding author.
E-mail address: pyang@tamu.edu (P. Yang).

https://doi.org/10.1016/j.jqsrt.2019.106683
0022-4073/© 2019 Elsevier Ltd. All rights reserved.

E and E2 [28,29], account for the cloud LW scattering effect. While
LW scattering has been neglected in most mainstream GCMs, pre-
vious studies showed the importance of including LW scattering
in model simulations. When LW scattering is neglected, Ritter and
Geleyn [36] find an overestimation of 16 W/m? in the simulation
of outgoing LW radiation (OLR) when a cloud is placed at altitudes
between 12 and 13 km with liquid water content 0.01 g/m?. In ad-
dition, Joseph and Min [37] analyze data from ground-based obser-
vations and show an overestimation of 6 to 8 W/m? in OLR when
LW scattering is neglected. Moreover, using satellite data with-
out consideration of LW scattering in off-line calculations, Costa
and Shine [38] report an overestimation of OLR by approximately
3W/m? from 60°N to 60°S. Similarly, Kuo et al. [33] find that OLR
averaged between 85°N to 85°S is overestimated by 2.6 W/m? and
the downward flux at the surface is underestimated by 1.2 W/mZ2.
For GCM applications, without inclusion of LW scattering, global
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Table 1
LW radiative transfer models in selected GCMs.

GCM LW radiation scheme Including LW scattering
CanCM4 [1] 2-stream approximation [2] Yes
CAM4 [3] Absorptivity/emissivity approximation [4] No
CAMS5 [5] CAM6 [6] RRTMG_LW (2-stream approximation) [7-10] No
CFSR [11] CFSv2 [12] RRTMG_LW (2-stream approximation) [7-10] No
ECHAMS [13] ECHAMSG6 [14] RRTMG_LW (2-stream approximation) [7-10] No
HadCM3 [15] 2-stream approximation (PIFM) [16-19] Yes
LMDZ4 [20] Absorptivity/emissivity approximation [21] No
LMDZ-B [22,23] RRTMG_LW (2-stream approximation) [7-10] No
GFDL Global Atmosphere Model AM2 [24]| GFDL Global Absorptivity/emissivity approximation [26,27] No
Atmosphere Model AM3 [25]

GISS ModelE [28] GISS ModelE2 [29] Absorptivity/emissivity approximation with scattering Yes

effect correction [30]

Table 2
RRTMG_LW spectral bands.

Band  Wavenumber (cm~')  Wavelength (um)

1 10 - 350 1000.00 - 28.57
2 350 - 500 28.57 - 20.00
3 500 - 630 20.00 - 15.87
4 630 - 700 15.87 - 14.29
5 700 - 820 14.29 - 12.20
6 820 - 980 12.20 - 10.20
7 980 - 1080 10.20 - 9.26
8 1080 - 1180 9.26 - 8.47

9 1180 - 1390 8.47 - 7.19
10 1390 - 1480 7.19 - 6.76
11 1480 - 1800 6.76 - 5.56
12 1800 - 2080 5.56 - 4.81
13 2080 - 2250 4.81 - 4.44
14 2250 - 2380 4.44 - 420
15 2380 - 2600 4.20 - 3.85
16 2600 - 3250 3.85-3.08

OLR is overestimated, on average, by approximately 8 W/m?2 [39] or
1.5W/m?2 [28], depending on the actual details of the model con-
figurations. A recent study by Zhao et al. [35] suggests that includ-
ing the cloud LW scattering in GCM simulations changes the cir-
culation patterns; in particular, the Hadley circulation is amplified
and the westerly jet is modified in the Southern Hemisphere while
the precipitation in the tropical region is reduced.

Although previous studies [32,34,40] evaluate the performance
of different radiative transfer models (RTMs) that can approximate
the LW scattering, their assessments include limited microphysical
and optical properties of ice or water clouds. In this study, to per-
form evaluations based on a broader range of microphysical and
optical properties and thermodynamic phases of clouds, a range of
ice and water clouds with different optical thickness (t) and effec-
tive diameter (D, ) are used in several radiative transfer schemes to
evaluate how accurate such schemes can be used for LW scatter-
ing calculation. Since the GCM version of the LW Rapid Radiative
Transfer Model (RRTMG_LW) [7-10] is extensively used in the GCM
applications listed in Table 1, this study develops the LW scattering
properties of clouds, and evaluates the accuracy and efficiency of
various RTMs with respect to the spectral bandwidths employed by
the RRTMG_LW (Table 2). The optical properties of ice and water
clouds and different RTMs are described in Section 2, and corre-
sponding results and discussions are in Section 3. Finally, the con-
clusions of this study are given in Section 4.

2. Methodology
2.1. Parameterizations of cloud optical properties

RRTMG_LW considers cloud LW absorption but neglects cloud
LW scattering [7-10]. In the present study, we compute the LW

scattering properties of ice and water clouds for all the bands in-
volved in the RRTMG_LW. The MODIS (Moderate Resolution Imag-
ing Spectroradiometer) and CERES (Clouds and the Earth’s Radiant
Energy System) science teams respectively proposed different ice
cloud optical models, which are referred to as the MODIS Collec-
tion 6 ice model (MC6) [41,42] and the two-habit models (THM)
[43]. The MC6 ice cloud model consists of a single ice habit, which
is a severely roughened aggregate of 8 hexagonal columns [41,42].
The THM consists of a mixture of individual roughened hexago-
nal columns and an ensemble of aggregates which is comprised
of 20 randomly distorted hexagonal columns, and the mixing ratio
of these two habits is a function of particle’s maximum dimen-
sion [43]. To calculate the optical properties of individual ice crys-
tals [44,45], both models utilize the invariant imbedding T-matrix
method [46,47] for small to moderate particles, and the improved
geometric optics method [48] with inclusion of the edge effect
[45] for large particles. The refractive indices of ice are from War-
ren and Brandt [49]. To derive the bulk optical properties, modified
gamma particle size distributions (PSDs) with an effective variance
of 0.1 [42,43] and the Planck function at 233K are used to inte-
grate the single-scattering properties for these two models [50,51].
A significant advantage of using the two models is to achieve spec-
tral consistency of optical thickness retrievals based on the MODIS
solar and thermal infrared bands [41,42,52,53].

For water clouds, this study uses the MC6 spherical particle
model [41,42]. The water refractive indices in the LW spectrum are
from Downing and Williams [54], following Platnick et al. [42]. The
single-scattering properties of water droplets are derived with the
Lorenz-Mie theory [55]. The bulk optical properties of water clouds
are also derived with the method described in Hong et al. [50] and
Yi et al. [51], by weighting the single-scattering properties with
modified gamma PSDs with an effective variance of 0.1 [42] and
the Planck function at 300K.

Because considerable computations are required in calculating
the single-scattering properties and deriving the relevant bulk op-
tical properties, a practical method to obtain the bulk optical prop-
erties in GCM applications is to parameterize the discrete bulk op-
tical properties of ice and water clouds [50,51]. The ice and water
cloud bulk mass extinction coefficient («ex), bulk single-scattering
albedo (@) and bulk asymmetry factor (g) are parameterized in
terms of the 3rd order polynomials for D, larger than 20pum and
the 6th order polynomials for D, smaller than 20 um as a function
of inverse De (Dj,,). The definition of D, and parameterizations of
the bulk optical properties are as follows:
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Fig. 1. Parameterized (a) Kexe (M?/g), (b) @, and (c) & as functions of D, in selected
RRTMG_LW spectral bands. Blue, green, and red lines are for MC6 ice, THM ice,
and MC6 water cloud models, respectively. Solid, dashed, and dotted lines indicate
RRTMG_LW bands 2, 10, and 16, respectively. Numbers in parentheses are the spec-
tral ranges for the bands in the wavelength domain.
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where D is the particle maximum particle dimension, N is the par-
ticle number concentration, V and A are the volume and projected
area for a particle, and q;, b; and c; are the polynomial fitting coef-
ficients for kext, @ and g, respectively. In addition, D, in Eq. (1) may
be expressed in terms of the ratio of mass to projected area [56].
Note that, as discussed in He et al. [57], different definitions of D,
such as the volume-equivalent sphere diameter and the project-
area-equivalent sphere diameter, can lead to different cloud optical
properties.

In this study, the cloud optical property parameterizations are
performed by fitting values of kex, @ and g for 72 different De,
particularly from 3 to 9um with a step size of 0.5um, 10 to
19 um with a step size of 1um, and 20 to 500 um with a step
size of 10 um. For MC6 ice, THM ice, and MC6 water cloud models,
the parameterization processes and the corresponding root-mean-
square errors (RMSEs) are shown in the appendix in Figs. A1 to
A3 for fitting Kext, Figs. A4 to A6 for fitting @, and Figs. A7 to A9 for
fitting g. In Figs. A1 to A9, most RMSEs are in the order of 103
or less, indicating sufficient accuracy for radiative flux and cool-
ing rate simulations. Although fitting @ of THM ice clouds in the
RRTMG_LW Band 2 (Fig. A5) show a RMSE as large as 102, the
spectral dependence of @ is well represented by the fitted curve
with acceptable fitting errors. Tables A1, A2, and A3 in the ap-
pendix list the values of polynomial fitting coefficients, which are
valid when D, is between 3 and 500 pm, for MC6 ice clouds, THM
ice clouds, and MC6 water clouds, respectively.

Fig. 1 shows the parameterized bulk optical properties for MC6
and THM ice clouds, and MC6 water clouds as a function of D, in
several selected RRTMG_LW spectral bands. The optical properties
of MC6 and THM ice clouds are similar, except for small D,. For
the MC6 water clouds, kex is larger than for ice clouds in most
cases. Water clouds have relatively larger @ in the RRTMG_LW
bands 10 and 16, but the contribution of these two bands to the
LW flux and heating rate is order of magnitude smaller than that
of RRTMG_LW band2. As suggested by Fig. 1, ice-cloud scattering
effects are significantly larger than the water cloud counterparts
in the RRTMG_LW band 2. This is consistent with previous results
regarding the strong ice scattering effect around 25pm [17, 33,
58]. As a result, the RRTMG_LW band2 can contribute about 40%
of the bias in the simulated flux if LW scattering is ignored [33].
In RRTMG_LW bands 10 and 16, g is very similar for ice and wa-
ter clouds. However, in RRTMG_LW band 2, comparing with water
clouds, ice clouds have stronger forward scattering when D, is less
than 20pum and have relatively weaker forward scattering for D,
larger than 20 pm.

2.2. Longwave radiative transfer models

For a plane-parallel atmosphere in local thermodynamic equi-
librium, the general form of the LW radiative transfer equation
[59,60] is expressed as follows:

MW =1(t, u, ) — S(t. |, ¢), and (6a)
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Table 3
Abbreviations of the RTMs.

Abbreviation =~ RTM

AA Absorption approximation

ASA Absorption approximation with scattering parameterization

2S 2-stream approximation

2/4S 2-[4-stream approximation

nSnM n-stream DISORT with the H-G Phase function expanded from n moments of Legendre expansion coefficients

Table 4
The diffusivity factors and diffusivity coefficients used for the
2-stream approximations.

Method D X
Hemispheric mean (HM) [62] 2 g
Modified 2-stream approximation [32] 166 G
Quadrature method (QM) [59] V3 G

Practical improved flux method (PIFM) [19]  1.66 3%

2 1
S d) = 4o [ [ Pl 9.9)i(x w9 dw'as
+ (1 —w)B(T), (6b)

where [ is the diffuse radiance, w is the cosine of the zenith an-
gle 6, ¢ is the azimuth angle, S is the source function, @ is the
single-scattering albedo, P is the phase function, and B(T) is the
Planck function at temperature T. Since solving the general radia-
tive transfer equation requires significant computational resources,
an efficient radiative solver is needed for GCMs.

From previous studies [19,32,40,59,61-63], a number of approx-
imate approaches listed in Table 3 have been developed with dif-
ferent assumptions about the scattering phase function P. The sim-
plest method may be the absorption approximation (AA) [32],
which entirely neglects scattering in the radiative transfer. Alterna-
tively, Chou et al. [40] proposed a method that applies the absorp-
tion approximation in conjunction with a scattering parameteriza-
tion (ASA) scheme to incorporate the scattering effect into the AA.
The ASA method increases 7 of clouds to decrease upward and in-
crease downward radiative flux, and the coefficients used to adjust
T are derived by parameterizing the scattering phase function [40].

A widely used approximate method for solving scattering radia-
tive transfer is the 2-stream approximation (2S), which discretizes
continuous radiation field into two radiation streams, one upward
and one downward at a chosen zenith angle . Using 7 as a vertical
coordinate, the general form of the 2S approximations [32,61,63]
can be stated as follows:

F+
: dr(T) =nF" () = yF (1) = $7(7)
dF—(1) . - o )
= RFr@ =y (@) +5(T)
7 =b[1-51+) (8)
y2=DZ (1~ ). and 9
ST(t) =S (r) =D (1 - w)B(7), (10)

where F is the radiative flux density or irradiance, * and - denote
the upward and downward directions, respectively, D is the diffu-
sivity factor, which is inverse of p (D =1/u), and x is the diffusiv-
ity coefficient. Table 4 lists values of D and x given by 4 different
methods, including the hemispheric mean (HM) [62], the modified
2-stream approximation [32], the quadrature method (QM) [59],

and the practical improved flux method (PIFM) [19]. To improve
the 2S method, Fu et al. [32] proposed the 2-/4-stream approxima-
tion (2/4S), which is based on the source function technique de-
scribed in Toon et al. [62]. The concept of 2/4S is to apply the 2S
method to decompose S in Eq. (6b) analytically, and then, by us-
ing the specified S in Eq. (6a), I is separated into the upward and
downward components. To obtain F, I is integrated over 4 angles
(4-stream) based on the double Gaussian quadrature rule [32].

In this study, a comprehensive radiative transfer solver, DIScrete
Ordinate Radiative Transfer (DISORT) [64], is used as the bench-
mark to validate approximate methods. DISORT discretizes the ra-
diation field in terms of multiple streams in different directions.
The more streams are used, the more accurate the results are. For
this benchmark study, the Henyey-Greenstein (H-G) phase function
[65] is assumed in DISORT, which can be expanded in terms of
Legendre polynomials [59] as follows:

1-g%
Pyc(cos®) = 7 2ecoso)
L( +8° — c8s ) , and (11)
=Y WP (cos®)
1=0
w; = (21 + g, (12)

where © is the scattering angle, and P; and w; indicate | moment
of the Legendre polynomial and the corresponding Legendre poly-
nomial expansion coefficient, respectively. In general, using the n-
stream DISORT requires that P is reconstructed by at least n mo-
ments of Legendre expansion coefficients in the program. In this
study, the benchmark is calculated by DISORT implemented with
128 streams and with 128 moments of Legendre expansion coeffi-
cients (1285128M).

To increase the accuracy of radiative transfer solver with a given
number of streams, a technique called the §-function adjustment
is used to overcome issues caused by the strong forward scattering
by clouds [66,67]. Based on the §-function adjustment, the opti-
cal properties of clouds, specifically 7, w, g and w,, are scaled as
follows [32,59,60,66,67]:

' =(1-wf)r, (13)
,_(A-fHo

o = %, and (15)

W; - %’ (16)

where 7/, o/, g, and w; are respectively the §-function adjusted t,
w, g, and w,, and f is the truncation factor that describes the frac-
tion of the scattered energy in the forward peak. In the case of an
application of the H-G phase function to the n-stream approxima-
tion, f is determined by [59]

f=g" (17)
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Table 5

Tyis and D in 840 combinations used for the present RTM comparisons.

Tyis

De

0.1 to 0.9 with interval 0.1, 1 to 9 with

interval 1, and 10 to 100 with interval 10

10 to 300 um with interval 10 um

3. Results and discussions

To mitigate the influence of atmosphere and temperature on
the comparison results, based on the methodology described in Fu
et al. [32], the ability of different RTMs to approximate the LW
scattering effect is evaluated by using the cloud emissivity (&.4)
for a given homogeneous isothermal cloud layer. The definition of
&qq 1s the ratio of emitted flux to blackbody radiation with tem-
perature T, and is given by

Ecd = 7B’ (18)
where T is set at 273K for both ice and water clouds in all radiative
transfer simulations examined in this study. Since the centers of
the emission bands shift from longer to shorter wavelengths with
increasing T and clouds have various optical properties in different
spectral bands, the values of ¢, change with T. To quantity such
variations with temperature, we use the benchmark 1285128M
DISORT to compare g4 at 273K with that of ice cloud at 233K
and with that of water cloud at 300K. For both clouds, the ¢4
differences are less than 5%.

As far as evaluating the simulation is concerned, simulation er-
rors are shown as a function of visible optical thickness (7,;), a
convention widely used in the remote sensing of clouds and the
cloud-radiation parameterization. In this study, the GCM version
of the Shortwave Rapid Radiative Transfer Model (RRTMG_SW) [7-
10] band 24 that spectrally ranges from 0.78 to 0.62 um is selected
to represent the visible band. In the RTM simulations, the value of
t for a given spectral band is obtained by
Toand = =2 Ty, (19)

Kext, vis
where 7,4 is the optical thickness for a spectral band, and Ky, 4
is the value of keyr in the RRTMG_SW band 24. The polynomial fit-
ting coefficients of Ky 4 are also listed in Tables A1 to A3 in the
appendix. After obtaining 7,4, the optical properties of clouds
are scaled according to the §-function adjustment mentioned in
Section 2b, and then RTMs use scaled optical properties (r,;and,

@) gng a0d g OF w;)and‘l) in each spectral band as input parame-
ters to simulate &.. In the assessment, the microphysical and opti-
cal properties of ice and water clouds correspond to 28 7,; values
from 0.1 to 100 and 30 D, values from 10 to 300 xm, totalling 840
combinations (Table 5).

Fig. 2 shows g,y calculated by using the 1285128M DISORT for
ice and water clouds. When clouds become optically thick, they
behave more like a blackbody and ¢,y is closer to unity. Fig. 1b
shows that @ first increases and then decreases with De; therefore,
the scattering effects of both ice and water clouds are relatively
strong when D, is between 10 and 30 pum. Correspondingly, €4
in Fig. 2 increases with t,;; and increases at first and then slightly
decreases with D.. When 7 is large enough (>4), .4 is close to
1

To evaluate the accuracy of approximate methods over an ex-
tensive range of cloud microphysical and optical regimes, &4y is
simulated by the methods listed in Table 3 with 840 combinations
of 7,; and D, in Table 5 for ice and water clouds, and then is
compared to &.4 benchmark values. Using the optical properties of
MC6 and THM ice clouds and MC6 water clouds, Fig. 3 shows the
relative errors of emissivity for 22 RTMs, which include AA, ASA,

(a)
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Fig. 2. Cloud layer emissivity simulated with the 128-stream DISORT as a function
of 7, and D, for (a) MC6 ice cloud model, (b) THM ice cloud model, and (c) MC6
water cloud model.

2S, and 2/4S with different D values. In addition, to further com-
pare with approximate models, the relative errors of cloud emissiv-
ity computed with 4 to 64 streams DISORT (4S4M to 64S64M) are
also shown. As expected, the simulation accuracy increases with
the number of streams used in the DISORT.

Water clouds in general have a weaker scattering effect than
ice c louds, which explain why in Fig. 3 the relative errors of emis-
sivity are slightly smaller for water clouds than for ice clouds. For
the MC6 and THM ice clouds, the magnitudes of errors are com-
parable. Since distributions of the relative errors of emissivity are
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Fig. 3. Relative emissivity errors for (a) MC6 ice cloud model, (b) THM ice cloud
model, and (c) MC6 water cloud model from 22 different RTMs listed in Table 3 in
comparison to reference emissivity from 128-stream DISORT. The relative emissivity
errors are calculated by 100 x (results from the approximate RTM - reference) / ref-
erence. In comparisons of 840 cases listed in Table 5, the upper and lower ends of
the dashed whiskers indicate the extreme errors, top and bottom of the blue boxes
are 25th and 75th percentiles, and red lines in the boxes indicate the median val-
ues. Numbers in parentheses are diffusivity factors. HM, QM, and PIFM refer to the
hemispheric mean, the quadrature method, and the practical improved flux method,
respectively. For models 14 to 22, nSnM means that DISORT is set in the n-stream
(nS) mode with n moments (nM) of Legendre expansion coefficients.

similar for MC6 and THM ice clouds, Figs. 4 to 7 show the error
distributions as a function of 7, and D, only for MC6 ice and wa-
ter clouds. While the error distributions between MC6 ice and wa-
ter clouds are similar, the magnitudes of errors are larger for ice
clouds than for water clouds.

Fig. 3 also shows that the AA and ASA approaches overestimate
&qg 1N most cases, but the overall calculation errors are within +
15%, except the case of ASA with D=2 where the extreme er-
ror reaches 30% for ice clouds and all errors are overestimated.
Fig. 4 shows the error distributions for MC6 ice and water clouds
as a function of t,;; and D, for the AA method. When using AA, the
simulated &4 is underestimated in the case of 7,;; < 1 and is oth-
erwise overestimated, except that e, is always overestimated in
the 840 cases using D = 2, with peak errors along 7 = 1. In addi-
tion, for a given 7, errors are larger when D, is around 50 pm.
While the value of D is optimally set to 1.66 in the computation of
the LW diffuse transmission [18,32], the corresponding simulation
errors in these evaluations are moderate. Moreover, the error do-
mains of extreme and 25th to 75th percentiles are smallest for ice
or water clouds if D = +/3 is assumed. Therefore, to improve sim-
ulation accuracy by using the AA method, the value of D may be
numerically optimized for different types of clouds.

The error patterns of the ASA method shown in Fig. 5, are very
different from those of the AA method. Using ASA with D = 1.66
and +/3 has positive extreme errors when 7 is around 1 and D,
is small, and has negative peak errors with small 7, and large
D.. When D = 2, using ASA overestimates all .4 values, similar to
errors due to using the AA method, but the corresponding maxi-
mum error is around t,;; < 2 and D, < 30 um. Although the ASA
method incorporates a LW scattering adjustment, Fig. 3 shows that
the error space of the ASA is indeed larger than that of the AA.
Since the adjusting coefficients described in Chou et al. [40] are
designed for certain ice and water clouds, adjustments with the
same coefficients are not suitable for the MC6 ice and water clouds
and the THM ice clouds. Therefore, the ASA simulation errors here
are larger than those without corrections.

While the maximum absolute errors ~ 15% for the 2S shown
in Fig. 3 are similar for the counterparts for the AA and ASA meth-
ods, the errors within the 25th to 75th percentiles are about 2% for
25(1.66), 2S(QM), and 2S(PIFM), and corresponding median errors
are very close to 0. Although the extreme error is also about 15%
for 2S(HM), the 25th to 75th percentile error space (about 10%)
and the median error (about 2%) are much larger than other 2S
methods. Fig. 6 presents error distributions of different 2S methods
as a function of 7, and D, for MC6 ice and water clouds. The er-
ror patterns are similar between the AA and 2S methods, with the
largest positive error around 7, =1 and negative errors for small
Tyis- Moreover, by using 2S(HM), €4 is almost exclusively overes-
timated in the entire optical and microphysical domain of clouds
and the maximum error, which reaches 15%, is around 7, =1 with
the error distribution essentially identical to the results for the AA
with D=2,

While the error space is the largest with 2S(HM) compared to
the other 2S methods, the justifications for using 2S(HM) are de-
scribed by Edwards [68] and Toon et al. [62]. To derive the cor-
rect distribution of the Planck function for LW radiative transfer
in an isothermal and large optical thickness atmospheric layer, D
should be 2. However, O’'Brien et al. [63] argued against the us-
age of 2S(HM) and suggested that the correctly simulated Planck
function distribution by using 2S(HM) is restricted to an interior
point of a given layer and is not valid for a point close to bound-
ary layers, where the angular distributions of the intensities signif-
icantly influence the scattering and emission processes. Figs. 3 and
6 support the arguments by O’Brien et al. [63] and numerically
demonstrate that the simulation errors are smaller when 25(1.66),
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Fig. 4. Relative Emissivity errors as a function of 7,5 and D, for MC6 ice (left column) and water (right column) clouds for approximation method (a) and (d) AA(1.66),
(b) and (e) AA(2.00), and (c) and (f) AA(v/3). Color bars indicate relative error defined as 100 x (approximate results — reference) |/ reference. Numbers in parentheses are

diffusivity factors.

25(QM), and 2S(PIDM) are used instead of 2S(HM), because 2S(HM)
significantly overestimates emissivity.

In contrast to AA, ASA, and 2S, Fig. 7 shows that the errors of
2/4S are the largest when 7, is small and D, is large, and have
large negative errors around t,;=1 when D, is small. Further-
more, Fig. 3 shows that the extreme errors of the 2/4S method
are much smaller and simulated €4 is significantly less biased
than other approximation methods. As mentioned in Liou [59], us-

ing 2/4S with different D values all provide accurate results that
are supported by Fig. 3, because all of the 2/4S error spaces are
about the same. All 2/4S approaches have the largest positive er-
rors around 3%, but the extreme negative error is slightly smaller
for D=2 (—2%) than for D =1.66 and +/3, which are about —4%
and —3%, respectively.

As shown in Fig. 3, in which simulation errors with 4- to 64-
stream DISORT are compared with other approximation methods,
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Fig. 5. Same as Fig. 4, except for relative emissivity errors for MC6 ice (left column) and water (right column) clouds for approximation methods: (a) and (d) ASA(1.66), (b)

and (e) ASA(2.00), and (c) and (f) ASA(+/3).

the peak errors are about 3%, 2%, and 1% with 454M, 6S6M, and
8S8M DISORT, respectively, and simulation errors are negligible
when stream number is larger than 10. When comparing 2/4S and
4S4M DISORT, the error patterns shown in Fig. 7 are similar. In ad-
dition, &4 is overestimated around smaller 7, and larger D, and
underestimated when t,;,=1 with small D.. Although the largest
negative error is reduced by using 4S4M DISORT, the range of 25th

to 75th percentile errors are much smaller for 2/4S approximations
(Fig. 3).

To evaluate the simulation efficiency of different RTMs, the
computational time is averaged over 1000 runs of AA, 2S and 2/4S
modules, and over 100 executions of the nSnM DISORT subroutine
for the cases of MC6 ice clouds. Fig. 8 shows the simulation accu-
racy and efficiency of different RTMs, including 454M to 16S16M
DISORT, and AA, 2S and 2/4S with the most accurate results for
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Fig. 6. Same as Fig. 4, except for relative emissivity errors for MC6 ice (left column) and water (right column) clouds for approximation methods: (a) and (e) 25(1.66), (b)
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method, respectively.
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Fig. 7. Same as Fig. 4, except for relative emissivity errors for MC6 ice (left column) and water (right column) clouds for approximation methods: (a) and (e) 2/45(1.66), (b)
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maximum error space, and red region shows the errors in the 25th to 75th per-
centiles. Numbers in parentheses are diffusivity factors, and QM means the quadra-
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each approximation method. ASA is omitted in the Fig. 8 because
its computational time is about the same as for AA, but ASA
has larger simulation errors as mentioned in previous paragraphs.
Moreover, the mean calculating times in Fig. 8 are normalized with
respect to averaged execution time of the 2/4S module. As ex-
pected, more accurate simulations generally take much longer. For
example, by using 454M to 16516M DISORT, the extreme simula-
tion errors reduce from 3% to nearly 0% but the computing time
increases by a factor from 25 to 250. The mean execution times
for AA and 2S are respectively about 0.3 and 0.5 times compared
to 2/4S, but both cannot achieve the same accuracy as the 2/4S.
While 454M DISORT has a slightly smaller error space than 2/4S,
2/4S has a smaller range of 25th to 75th percentile errors and only
take 1/25 as much time as required by the 454M DISORT.

4. Conclusions

Most mainstream GCMs listed in Table 1 only account for ab-
sorption processes in the LW radiative transfer. As a prerequisite
of evaluating the climate consequences of neglecting LW scatter-
ing, this study thoroughly analyzes the accuracy and efficiency
of various RTMs by using the latest cloud optical property mod-
els, specifically MC6 ice and water clouds and THM ice clouds,
over a full range of cloud microphysical and optical properties. To
avoid the complexity of calculating cloud single-scattering proper-
ties and deriving the corresponding bulk cloud optical properties
by weighting the single-scattering properties, a practical method
widely adopted by the GCM development is to use parameteriza-
tions of the cloud bulk optical properties, including iex:, @, and
g shown in Fig. 1 with relevant polynomial coefficients listed in
Tables A1 to A3.

By using the comprehensive microphysical and optical proper-
ties of ice and water clouds, for different RTMs, including AA, ASA,
2S, 2/4S, and DISORT (with 128 streams as the most accurate ref-
erence), accuracy is evaluated by errors of simulated &4, and nor-
malized computational times are used to assess the efficiency of
RTM modules in the domain of 7,; from 0.1 to 100 and D, from 10
to 300 um. The extreme errors of AA are all within + 15% with dif-
ferent D values. The ASA method compensates for the LW scatter-
ing effect by increasing cloud optical thickness, but the publically
available adjusting coefficients are not designed for MC6 and THM
ice clouds and MC6 water clouds. As a result, the ASA approaches
here are less accurate than using AA, and the relevant maximum
error is about 30% for ice clouds, and is the largest among all of
the approximate methods examined here.

With the 2S methods, the best overall simulations are provided
by 2S(QM) with extreme errors about - 10%, and 25th to 75th per-
centile errors are about 4% with a bias about - 1%. Finally, 2/4S
approximations obtain the overall best results among all approx-
imate methods: the largest errors are decreased from +15% (AA,
ASA, and 2S) to +£5%, and the 25th to 75th percentile error range
is reduced to within £1%. As far as the DISORT is concerned, as
expected, the larger the number of streams is, the more accurate
the results are. The errors are essentially trivial when more than
10 streams are used.

Other than accuracy of the RTMs, computational efficiency is
another important factor that we evaluate for the possible imple-
mentation in the large-scale climate model simulations. Overall,
Fig. 8 clearly shows that simulation errors decrease with increasing
computational effort from AA to DISORT. While the DISORT pro-
vides the most accurate results, the computational time is 20- 200
times longer than the 2/4S. In consistent with the findings of Fu
et al. [32] and Liou [59], this study confirms that the best trade-off
between accuracy and efficiency is to use the 2/4S combination in
a GCM application.
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Table A1
Polynomial fitting coefficients a;, b; and c¢; for ke, @ and g, respectively, in 16 RRTMG_LW bands, and coefficients a; for ey in RRTMG_SW
band 24, for the MC6 ice cloud optical model.

Band 20 Keyx polynomial fitting coefficients (a;) for MC6 ice cloud

pm = ; ; ; - - -

i=1 i=2 i=3 i=4 i=5 i=6 i=7

1 > 4.0049E+01 —3.4075E+-01 6.3608E-02 9.1957E-02 N/A N/A N/A

< —1.2237E+03  1.1269E+03 —4.0310E+02  6.9880E+01 —5.6558E+00  6.3608E-02 9.1957E-02
2 >  —5.8789E+02  —8.2308E+01  4.3728E-01 1.4945E-01 N/A N/A N/A

< —6.1032E+03  5.7521E+03 —2.1259E+03  3.8542E-+02 —3.2967E4+01  4.3728E-01 1.4945E-01
3 > —2.0345E+01 —1.1970E+01 3.2052E+00 1.8295E-01 N/A N/A N/A

<  —29679E+03  3.4516E+03 —1.6563E+03  4.1896E-+02 —5.7215E+01  3.2052E+00 1.8295E-01
4 >  —8.1835E4+00  7.9568E-+00 3.9870E+00 1.7827E-01 N/A N/A N/A

< 2.5457E+03 —1.8647E+03  3.2956E+02 7.2422E+01 —3.4334E+01 3.9870E+00 1.7827E-01
5 > —1.0961E+01 1.8769E+00 3.4032E+00 1.6399E-01 N/A N/A N/A

< 1.9708E+03 —1.7728E4+03  5.6017E+02 —4.7844E+01 —-1.3019E4+01  3.4032E+00 1.6399E-01
6 > —1.9887E+01 —1.4072E+01 1.9537E+00 1.2997E-01 N/A N/A N/A

<  —2.4607E+02  3.0245E+02 —1.6437E+02  5.4009E+01 -1.2291E+01 1.9537E+00 1.2997E-01
7 >  —4.5200E+01 —3.0277E+01 1.6817E+00 1.4908E-01 N/A N/A N/A

<  —2.4415E+03  2.5899E+03 —1.1284E+03  2.5947E+02 —3.2575E+01 1.6817E+00 1.4908E-01
8 > —4.9305E-01 —1.0176E+01  3.0941E+00 1.7586E-01 N/A N/A N/A

< -1.9728E+03  2.3080E+03 —1.1398E+03  3.0629E+02 —4.6394E4+01  3.0941E+00 1.7586E-01
9 >  —1.4206E+00 1.0173E+01 4.1136E+00 1.7997E-01 N/A N/A N/A

<  8.0692E+02 —3.1945E+02  -1.9615E+02  1.5792E+02 —4.1066E+01  4.1136E+00 1.7997E-01
10 > 1.6785E+01 1.9194E+01 4.3521E+00 1.7383E-01 N/A N/A N/A

<  3.0947E+03 —2.6231E4+03  7.2892E+02 —2.4253E+01 —2.5812E+01  4.3521E+00 1.7383E-01
11 > 1.6649E+01 1.9492E+01 4.2963E+00 1.7066E-01 N/A N/A N/A

<  3.7798E+03 —3.3671E+03  1.0620E+03 —1.0084E+02  —1.7561E+01  4.2963E+00 1.7066E-01
12 > 5.1665E+01 2.7884E+01 4.5145E+00 1.6655E-01 N/A N/A N/A

<  7.5560E+03 —7.0795E+03  2.5173E+03 —3.8069E+02  5.1471E+00 4.5145E+00 1.6655E-01
13 > 4.7000E+00 9.2164E+00 3.7195E+00 1.6467E-01 N/A N/A N/A

<  7.8849E+03 —7.7360E+03  2.9901E+03 —5.4340E+02  3.0837E+01 3.7195E+00 1.6467E-01
14 > 2.6101E+00 3.2265E+00 3.4495E+00 1.6460E-01 N/A N/A N/A

<  7.0258E+03 —7.0549E+03  2.8235E+03 —5.4321E+02  3.5904E+01 3.4495E+00 1.6460E-01
15 >  —6.9625E+00  —7.0280E+00  3.0532E+00 1.6695E-01 N/A N/A N/A

< 49157E+03 —5.3302E+03  2.3461E+03 —5.0965E+02  4.1749E+01 3.0532E+00 1.6695E-01
16 >  —6.3289E-01 —7.0828E+00  3.0930E+00 1.6949E-01 N/A N/A N/A

<  —3.5978E+03  2.5284E+03 —4.1789E+02  —7.4449E+01 1.9322E+01 3.0930E+00 1.6949E-01
24 > 6.2000E+00 2.2901E+00 3.2960E+00 1.5978E-01 N/A N/A N/A

< —1.1553E+03  9.2469E+02 —2.4033E+02  2.2151E+01 2.3790E-01 3.2960E+00 1.5978E-01
Band 20 @ polynomial fitting coefficients (b;) for MC6 ice cloud

pum - - - - - - -

i=1 i=2 i=3 i=4 i=5 i=6 i=7

1 > 5.9731E+02 —1.7237E+01 —4.1624E+00  4.3766E-01 N/A N/A N/A

<  —-2.1616E+03  1.8638E+03 —5.4594E+02  3.3498E+01 1.5870E+01 —4.1624E+00  4.3766E-01
2 > 1.1835E+03 —6.7633E+01 1.0648E-01 8.3148E-01 N/A N/A N/A

< —1.9794E+03  1.8390E+03 —6.9282E+02  1.4743E+02 —2.0063E+01 1.0648E-01 8.3148E-01
3 >  —2.0168E+03  —1.4582E+02  9.0066E-01 6.9216E-01 N/A N/A N/A

< -1.7669E+03  1.7377E+03 —7.1008E+02  1.6541E+02 —2.4572E401  9.0066E-01 6.9216E-01
4 >  —6.2926E+02  —3.1906E+01  9.6178E-01 5.8403E-01 N/A N/A N/A

<  —1.8865E+03  1.7528E+03 —6.6834E+02  1.4567E+02 —2.1328E+01  9.6178E-01 5.8403E-01
5 >  —1.0260E4+01  4.7744E+00 —5.4265E-01 5.0373E-01 N/A N/A N/A

<  —8.6302E+02  7.2819E+02 —2.4176E+02  4.5242E+01 —5.5503E+00  —5.4265E-01 5.0373E-01
6 > —2.0263E+01 —1.2346E+01 —2.2538E+00 4.5416E-01 N/A N/A N/A

<  —6.0318E+02  4.1723E+02 —7.1723E+01 —1.3374E+01 8.1424E+00 —2.2538E+00  4.5416E-01
7 >  —1.1958E+03  —1.3184E+02  2.2394E-01 6.9715E-01 N/A N/A N/A

<  —2.5536E+03  2.4170E+03 —9.2697E+02  1.9083E+02 —2.2614E4+01  2.2394E-01 6.9715E-01
8 >  —2.1404E+03  —-1.7037E+02  1.4760E+00 7.4871E-01 N/A N/A N/A

< —4.4149E+03  4.1076E+03 —1.5194E+03  2.9250E+02 —3.3089E+01 1.4760E+00 7.4871E-01
9 >  —1.8419E+03  —-1.2451E+02  2.4175E+00 7.2336E-01 N/A N/A N/A

<  —54780E+03  5.1329E+03 —-1.9153E+03  3.7169E+02 —4.2419E+01  2.4175E+00 7.2336E-01
10 >  —6.3032E+02  —2.8190E+01  2.9644E+00 6.5886E-01 N/A N/A N/A

<  —5.1567E+03  4.9127E+03 —1.8798E+03  3.7912E+02 —4.5769E4+01  2.9644E+00 6.5886E-01
11 > —2.1501E+01 1.1373E+01 3.0544E+00 6.3672E-01 N/A N/A N/A

<  —43463E+03  4.2058E+03 —1.6462E+03  3.4340E+02 —4.3564E+01  3.0544E+00 6.3672E-01
12 > 5.0579E-01 —3.1888E+01 3.7056E+00 7.7148E-01 N/A N/A N/A

<  —4.9953E+03  4.9350E+03 —1.9726E+03  4.1550E+02 —5.1165E+01  3.7056E+00 7.7148E-01
13 > 6.6483E+00 7.4423E+00 3.7800E+00 6.8763E-01 N/A N/A N/A

< 9.2176E+02 —2.9206E+02  —2.1677E+02  1.4135E+02 —3.3228E+01  3.7800E-+00 6.8763E-01
14 >  —8.5067E+00  7.6067E+00 3.5544E+00 6.7398E-01 N/A N/A N/A

<  3.1843E+03 —2.3607E+03  5.1467E+02 1.6547E+01 —2.3067E+01  3.5544E+00 6.7398E-01
15 >  —3.8891E+01 —3.6648E+01 2.9397E+00 7.4331E-01 N/A N/A N/A

<  3.2133E+403 —2.5127E+03  6.3376E+02 —2.2702E+01 —1.6204E+01 2.9397E+00 7.4331E-01

(continued on next page)
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Table A1 (continued)

16 >  —2.9277E+01  —5.5820E+01 1.6778E+00 7.3323E-01 N/A N/A N/A

< 2.4399E+03 —2.2974E4+03  8.0992E+02 —1.1964E+02  1.3444E+00 1.6778E+00 7.3323E-01
Band 20 g polynomial fitting coefficients (c;) for MC6 ice cloud

pm 7 - - ; - - ;

i=1 i=2 i=3 i=4 i=5 i=6 i=7

1 >  —83171E400  7.8161E+00 —4.0810E+00  7.3656E-01 N/A N/A N/A

< —64315E+02  8.8207E+02 —4.8279E+02  1.1643E+02 —3.4222E+00  —4.0810E+00  7.3656E-01
2 >  —5.5533E402  8.4619E+01 1.1465E+00 7.6991E-01 N/A N/A N/A

<  -1.0229E+04  9.7252E+03 —3.6525E+03  6.9337E+02 —6.8540E+01  1.1465E+00 7.6991E-01
3 > 1.2272E+03 1.1133E+02 —4.4995E-01 8.2211E-01 N/A N/A N/A

< 2.6249E+03 —1.8978E+03  4.0801E+02 3.9064E+00 —1.1201E+01 —4.4995E-01 8.2211E-01
4 > 6.6545E+01 1.0239E+01 —1.4213E4+00  8.7282E-01 N/A N/A N/A

<  3.6272E+03 —3.1552E+03  1.0265E+03 —1.4828E+02  8.0816E+00 —1.4213E+00  8.7282E-01
5 >  8.7751E+00 —1.1088E+00  —1.1394E+00  8.9907E-01 N/A N/A N/A

< 1.7607E+03 —1.4767E4+03  4.4673E+02 —5.3184E+01  8.5139E-01 —1.1394E4+00  8.9907E-01
6 > 7.8437E+00 —3.6678E+00  —1.3029E+00  9.2074E-01 N/A N/A N/A

<  4.6731E+03 —4.0641E+03  1.3186E+03 —1.9073E+02  1.0835E+01 —1.3029E+00  9.2074E-01
7 > 7.7900E+00 5.7682E+00 —2.0928E+00  8.7817E-01 N/A N/A N/A

< 1.7294E+04 —1.5810E+04  5.5244E+03 —9.0414E+02  6.5181E+01 —2.0928E+00  8.7817E-01
8 > 2.9585E+02 3.3311E+01 —1.6906E+00  8.6246E-01 N/A N/A N/A

< 1.6497E+04 —1.5036E+04  5.2392E+03 —8.5429E+02  6.0604E+01 —1.6906E+00  8.6246E-01
9 > 6.1530E+02 4.8336E+01 —1.3907E+00  8.7383E-01 N/A N/A N/A

<  1.2316E+04 —1.1217E4+04  3.9143E+03 —6.4241E+02  4.6261E+01 —1.3907E+00  8.7383E-01
10 > 1.4522E+02 1.5116E+01 —1.2642E+00 9.0385E-01 N/A N/A N/A

< 7.2935E+03 —6.6758E+03  2.3563E+03 —3.9664E+02  3.0341E+01 —1.2642E+00  9.0385E-01
11 > 7.0414E+00 6.9444E+00 —1.1042E+00  9.1623E-01 N/A N/A N/A

<  5.5697E+03 —5.0881E+03  1.7962E+03 —3.0419E+02  2.3743E+01 —1.1042E+00  9.1623E-01
12 > 5.9141E+02 7.7077E+01 —6.5728E-01 8.4182E-01 N/A N/A N/A

< 1.0720E+04 —9.5782E+03  3.2680E+03 —5.2329E+02  3.6291E+01 —6.5728E-01 8.4182E-01
13 > 2.9727E+02 3.0026E+01 —-1.4113E+00  8.7861E-01 N/A N/A N/A

<  7.5058E+03 —6.9154E+03  2.4799E+03 —4.3462E+02  3.7004E+01 —-1.4113E+00  8.7861E-01
14 > 1.4597E+02 1.4426E+01 —1.6398E+00  8.8701E-01 N/A N/A N/A

<  6.3517E+03 —5.9773E+03  2.2100E+03 —4.0581E+02  3.7422E+01 —1.6398E+00  8.8701E-01
15 > 1.3284E+02 3.0335E+01 —1.7662E+00  8.4271E-01 N/A N/A N/A

<  7.0581E+03 —6.7560E+03  2.5502E+03 —4.7930E+02  4.5056E+01 —1.7662E+00  8.4271E-01
16 >  —2.2494E4+00  2.8366E+01 —1.7573E+00  8.2451E-01 N/A N/A N/A

<  3.9087E+03 —4.0511E+03  1.6837E+03 —3.5533E+02  3.8435E+01 —1.7573E+00  8.2451E-01

Table A2

As in Table A1 but for the THM ice cloud optical model.

20 Keyx polynomial fitting coefficients (a;) for THM ice cloud
Band ©m

i=1 i=2 i=3 i=4 i=5 i=6 i=7

1 >  —93065E+00 —4.0733E+01 —62702E-02  9.5493E-02 N/A N/A N/A
< _1.4808E+03  13492E+03  —47427E+02  7.9156E+01  —56336E400 —6.2702E-02  9.5493E-02

2 > —12108E+03 —12192E+02  2.2833E-01 1.6332E-01 N/A N/A N/A
< —9.0250E+03  83395E+03  —2.9909E+03  5.1611E+02  —4.0144E+01  2.2833E-01 1.6332E-01

3 > —1.0947E+01 2.0297E+00  4.0715E+00  1.9450E-01 N/A N/A N/A
< _57789E+03  6.3480E+03  —2.8540E+03  6.6869E+02  —8.3063E+01  4.0715E+00  1.9450E-01

4 > 15303E+01  2.1907E+01  4.6742E+00  1.8309E-01 N/A N/A N/A
<  6.0743E+03  —47287E+03  1.1325E403  —6.2204E-01  —3.8515E+01  4.6742E+00  1.8309E-01

5 > 7.9244E+00  55117E400  3.6222E+00  1.6839E-01 N/A N/A N/A
< 40417E+03  —3.6556E+03  1.2103E+03  —14869E+02 —7.9874E+00  3.6222E+00  1.6839E-01

6 > —1.9937E+01 —13885E+01  2.0559E+00  1.3426E-01 N/A N/A N/A
< _27917E+02  3.1847E+02  —1.6559E+02  54239E+01  —1.2696E+01  2.0559E+00  1.3426E-01

7 > —29011E+02 —3.9210E+01  2.0941E+00  1.6321E-01 N/A N/A N/A
< —64682E+03  62719E+03  —2.4325E+03  4.8264E+02  —50639E+01  2.0941E+00  1.6321E-01

8 > 1.7833E+01 1.6276E+01  43934E+00  1.8227E-01 N/A N/A N/A
< _42969E+03  49153E4+03  —2.3074E+03  5.6911E+02  —7.6277E+01  4.3934E+00  1.8227E-01

9 > 27717E+02  47470E+01  5.1385E+00  1.7619E-01 N/A N/A N/A
< 7.7805E+03  —5.8893E+03  1.3535E403  57941E+00  —4.4361E+01  5.1385E+00  1.7619E-01

10 > 12891E+01  24927E+01  45175E400  1.6954E-01 N/A N/A N/A
< 15225E404  —1.3251E+04 4.2142E403  —53425E402  1.8259E+00  4.5175E+00  1.6954E-01

11 > 1.7815E+01 1.6361E+01  4.0612E+00  1.6696E-01 N/A N/A N/A
< 15664E+04  —14091E+04 4.7309E+03  —6.7620E+02  1.9058E+01  4.0612E+00  1.6696E-01

12 >  —56012E-01  —8.6710E+00 2.9691E+00  1.6743E-01 N/A N/A N/A
< 19434E+04  —19132E+04  7.2555E403  —1.2626E+03  7.7593E+01  2.9691E+00  1.6743E-01

13 > —13745E+02 —2.4978E+01 25148E+00  1.6747E-01 N/A N/A N/A
< —2.1436E+03  —1.0430E+03  1.8015E+403  —6.0249E+02  5.9839E+01  2.5148E+00  1.6747E-01

14 > —19241E+01 —-1.6107E+01  2.6537E+00  1.6661E-01 N/A N/A N/A
<  —95127E+03  55871E+03  —4.1805E+02  —2.7800E+02  4.3032E+01  2.6537E+00  1.6661E-01

15 >  —83173E+00 —5.8160E+00 3.0774E+00  1.6558E-01 N/A N/A N/A
< —2.1493E+04 1.6673E+04  —42494E103  3.0350E+02  1.0778E+01  3.0774E+00  1.6558E-01

(continued on next page)
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Table A2 (continued)

16 >  —1.4930E+00 1.1825E+01 3.8114E+00 1.6306E-01 N/A N/A N/A

<  —1.5596E+04  1.4447E+04 —4.8522E4+03  6.5400E+02 —2.6396E+01  3.8114E+00 1.6306E-01
24 >  —6.7089E+00  4.3614E-01 3.2051E+00 1.5832E-01 N/A N/A N/A

< 5.2938E+02 —4.1562E+02  1.0643E+02 —1.4677E+01 1.7648E+00 3.2051E+00 1.5832E-01
Band 20 @ polynomial fitting coefficients (b;) for THM ice cloud

pum < ) A . - X X

i=1 i=2 i=3 i=4 i=5 i=6 i=7

1 >  —59426E+02  -7.3581E+01 —4.7982E4+00  4.1057E-01 N/A N/A N/A

<  —2.5757E+03  2.2847E+03 —7.0421E402  5.5082E+01 1.7579E+01 —4.7982E4+00  4.1057E-01
2 >  —1.2574E+03  —1.7390E+02  4.3428E-02 8.3022E-01 N/A N/A N/A

<  —42382E+03  3.7715E+03 —1.3172E+03  2.4733E+02 —2.9414E+01  4.3428E-02 8.3022E-01
3 > —2.7928E+03  —1.2950E+02  2.6138E+00 6.6289E-01 N/A N/A N/A

<  —9.4790E+03  8.9758E+03 —3.3761E4+03  6.5484E+02 —7.1121E+01 2.6138E+00 6.6289E-01
4 > —2.8462E+01 6.1289E+01 2.8464E+00 5.3254E-01 N/A N/A N/A

<  —2.9074E+03  3.2705E+03 —1.5152E4+03  3.7668E+02 —5.3675E+01 2.8464E+00 5.3254E-01
5 >  —2.3084E+00  2.9563E+01 —7.3786E-02 4.6745E-01 N/A N/A N/A

<  2.3078E+03 —1.8446E+03  4.9371E+02 —3.2036E+01 —6.4089E+00  —7.3786E-02 4.6745E-01
6 >  —1.4935E+02 —-1.0681E+01 —1.9708E+00  4.3625E-01 N/A N/A N/A

<  —5.0511E+02  4.8280E+02 —1.7456E4+02  2.4634E+01 2.3989E+00 —-1.9708E+00  4.3625E-01
7 >  —2.5815E+03  —1.7324E+02  1.0381E+00 6.9823E-01 N/A N/A N/A

< —6.7838E+03  6.3711E+03 —2.3846E+03  4.5987E+02 —4.7978E+01 1.0381E+00 6.9823E-01
8 >  —1.8632E+03  —1.0474E+02  3.1954E+00 7.3219E-01 N/A N/A N/A

< -1.0119E+04  9.4963E+03 —3.5369E4+03  6.7521E+02 —7.1772E+01 3.1954E+00 7.3219E-01
9 >  —2.5597E+00  3.4928E+01 4.6511E+00 6.8305E-01 N/A N/A N/A

< —9.1963E+03  8.9347E+03 —3.4871E+03  7.0898E+02 —8.2137E+01  4.6511E+00 6.8305E-01
10 > 2.3547E+02 8.3923E+01 4.7998E-+00 6.0494E-01 N/A N/A N/A

< —1.6195E+03  2.3490E+03 —1.3270E4+03  3.8405E+02 —6.2200E+01  4.7998E-+00 6.0494E-01
11 >  5.6358E+02 9.6090E+01 4.2856E+00 5.8534E-01 N/A N/A N/A

<  2.9893E+03 —1.8200E+03  1.2860E+02 1.3901E+02 —4.2388E+01  4.2856E+00 5.8534E-01
12 > 6.9462E+00 —5.0711E+00  3.9998E+00 7.4816E-01 N/A N/A N/A

<  2.8156E+03 —1.7423E+03  1.5070E+02 1.1666E+02 —3.6194E+01 3.9998E+00 7.4816E-01
13 > —2.1084E+01 1.4860E+01 3.1335E+00 6.5332E-01 N/A N/A N/A

<  1.0819E+04 —9.4121E+03  3.0134E+03 —3.9954E4+02  7.0200E+00 3.1335E+00 6.5332E-01
14 > —2.1149E+01 1.4525E+01 2.9039E+00 6.4174E-01 N/A N/A N/A

<  9.8516E+03 —8.8098E+03  2.9341E+03 —4.1703E4+02  1.1909E+01 2.9039E+00 6.4174E-01
15 > —1.8777E+01 —1.7217E+01  3.0210E+00 7.2190E-01 N/A N/A N/A

<  2.0491E+03 —1.9580E+03  6.5584E+02 —6.7331E+01 —1.0441E4+01  3.0210E+00 7.2190E-01
16 > 4.3320E+01 —2.6790E+01 2.3061E+00 7.1970E-01 N/A N/A N/A

<  —53063E+03  4.3833E+03 —1.3472E+03  1.9841E+02 —1.9583E+01  2.3061E+00 7.1970E-01
Band 20 g polynomial fitting coefficients (c;) THM ice cloud

pm < ; ; ; ; - -

i=1 i=2 i=3 i=4 i=5 i=6 i=7

1 >  —2.0041E+01 —1.3505E+01 —7.0661E+00  6.4388E-01 N/A N/A N/A

< —7.5718E+03  6.6203E+03 —2.0859E4+03  2.3356E+02 1.6953E+01 —7.0661E+00  6.4388E-01
2 >  —44300E+03  —1.8035E+02  —2.3656E+00  7.8246E-01 N/A N/A N/A

< 5.7346E+03 —4.2887E+03  9.1710E+02 1.6268E+01 —1.7578E+01 —2.3656E4+00  7.8246E-01
3 > 3.6033E+01 4.2182E+01 —1.3877E4+00  8.0630E-01 N/A N/A N/A

<  —56572E+02  1.9059E+02 —4.2673E+01 5.1658E+01 —1.4658E+01 —1.3877E4+00  8.0630E-01
4 > 2.9815E+02 2.6552E+01 —1.8560E4+00  8.4110E-01 N/A N/A N/A

< 1.1682E+03 —1.2729E+03  5.1127E+02 —7.6580E+01 1.3438E+00 —1.8560E+00  8.4110E-01
5 > —6.3294E-01 —7.0389E+00  —-1.8128E+00  8.8168E-01 N/A N/A N/A

< 2.3212E+402 —4.1929E+02  2.1313E+02 —2.9723E+01 —1.4856E+00  —1.8128E+00  8.8168E-01
6 >  —7.3294E+00 -6.7420E+00 -1.4179E+00  9.2192E-01 N/A N/A N/A

<  —5.0281E+02  2.2176E+02 —1.5860E4+00  7.2275E+00 —5.9310E+00  -1.4179E+00  9.2192E-01
7 >  —1.4769E+00  1.1304E+01 —7.1090E-01 9.2590E-01 N/A N/A N/A

< —1.0152E+03  9.9445E+02 —3.6812E4+02  7.3736E+01 —1.0851E+01 —7.1090E-01 9.2590E-01
8 >  —2.5559E+00  3.4942E+01 —6.5364E-02 9.0084E-01 N/A N/A N/A

< —9.0384E+02  1.0160E+03 —4.4951E4+02  1.0588E+02 —1.5879E+01 —6.5364E-02 9.0084E-01
9 > 2.7340E+02 5.9363E+01 1.2744E-01 8.8427E-01 N/A N/A N/A

<  7.8318E+02 —4.9504E+02  5.7626E+01 2.7045E+01 —1.0362E+01 1.2744E-01 8.8427E-01
10 > 6.0384E+02 5.7564E+01 —4.7944E-01 8.9304E-01 N/A N/A N/A

<  4.5351E+03 —3.9449E+03  1.2908E+03 —1.8932E+02  8.9573E+00 —4.7944E-01 8.9304E-01
11 > 2.9571E+02 3.3562E+01 —7.1042E-01 9.0467E-01 N/A N/A N/A

< 53118E+03 —4.7107E+03  1.5927E+03 —2.5020E+02  1.5638E+01 —7.1042E-01 9.0467E-01
12 > 2.6732E+02 6.8483E+01 —4.7094E-01 8.3263E-01 N/A N/A N/A

< 1.2997E+04 —1.1502E+04  3.8712E+03 —6.0430E+02  3.8720E+01 —4.7094E-01 8.3263E-01
13 >  8.8805E+00 2.5414E+00 —2.4083E+00  8.5994E-01 N/A N/A N/A

< 1.3022E+04 —1.2300E+04  4.5392E+03 —8.1781E4+02  7.0415E+01 —2.4083E+00  8.5994E-01
14 > —5.6667E-01 —8.4460E+00  —2.6829E+00  8.7048E-01 N/A N/A N/A

< 1.0222E+04 —1.0031E+04  3.8821E+03 —7.4282E4+02  6.9355E+01 —2.6829E+00  8.7048E-01
15 >  —7.8125E4+00  8.3205E+00 —2.6929E+00  8.2866E-01 N/A N/A N/A

<  5.6928E+03 —6.4198E+03  2.8629E+03 —6.2992E+02  6.6879E+01 —2.6929E+00  8.2866E-01
16 > -1.8371E4+01  2.1666E+01 —2.1760E+00  8.1383E-01 N/A N/A N/A

<  —7.3313E+03  5.4439E+03 —1.2395E+03  2.3739E+01 2.3444E+01 —2.1760E+00  8.1383E-01
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Table A3
As in Table A1 but for the MC6 water cloud optical model.

Kexr polynomial fitting coefficients (a;) for MC6 water cloud

Band

N}
S

=
=]

=1 i=2 i=3 i=4 i=5 i=6 i=7
1 > —3.1981E+01 —5.2498E+01 5.2779E-01 1.4601E-01 N/A N/A N/A
< —4.3662E+03  4.1356E+03 —-1.5361E+03  2.7995E-+02 —2.4413E+01 5.2779E-01 1.4601E-01
2 > —5.4522E+01 —2.5085E+01 2.7016E+00 1.8491E-01 N/A N/A N/A
< —2.4662E+03  2.7831E+03 —1.3039E+03  3.2495E-+02 —4.4407E+01 2.7016E+00 1.8491E-01
3 > —5.2025E-01 —9.5381E+00  3.2056E+00 1.8037E-01 N/A N/A N/A
< —2.6803E+02  5.2548E+02 —3.8695E+02  1.4641E+02 —3.0714E+01  3.2056E+00 1.8037E-01
4 > —4.9494E-01 —1.0075E+01  2.9371E+00 1.6907E-01 N/A N/A N/A
< —2.6425E4+02  4.3271E+02 —2.8920E+02  1.0612E+02 —2.3479E+01 2.9371E+00 1.6907E-01
5 > —1.9332E+01 —1.5848E+01  2.3300E+00 1.5144E-01 N/A N/A N/A
< —6.0375E4+02  7.0782E+02 —3.5647E+02  1.0309E-+02 —1.9290E4+01  2.3300E+00 1.5144E-01
6 > —3.8676E+01 —3.7696E+01 1.0162E+00 1.3524E-01 N/A N/A N/A
< —2.0804E4+03  2.0212E+03 —7.8945E+02  1.6010E+02 —1.8036E+01 1.0162E+00 1.3524E-01
7 > —1.2305E+03  —-1.0774E+02  1.4258E+00 1.8593E-01 N/A N/A N/A
< —6.9746E+03  6.6372E+03 —2.5028E+03  4.7457E+02 —4.5773E+01 1.4258E+00 1.8593E-01
8 > —1.3437E4+03  —8.4912E+01  3.2964E+00 2.1272E-01 N/A N/A N/A
< —1.0410E4+04  1.0125E+04 —3.9389E+03  7.8284E-+02 —8.1789E+01  3.2964E+00 2.1272E-01
9 > 3.9182E+01 3.2816E+01 5.8398E+00 2.1557E-01 N/A N/A N/A
< —7.4591E4+03  8.0623E+03 —3.5728E+03  8.3331E+02 —1.0612E4+02  5.8398E-+00 2.1557E-01
10 > 1.2754E+03 1.2500E+02 7.1991E+00 2.0369E-01 N/A N/A N/A
< 3.2044E+03 —1.2248E+03  —5.6233E+02  4.0987E+02 —8.9287E+01 7.1991E+00 2.0369E-01
11 > 5.8976E+02 7.9623E+01 6.3046E+00 1.9194E-01 N/A N/A N/A
< 1.0424E+04 —8.2786E+03  2.1568E+03 —1.0621E4+02  —4.3069E+01  6.3046E+00 1.9194E-01
12 > 1.3291E+03 1.1807E+02 6.3270E+00 1.8343E-01 N/A N/A N/A
< 3.2260E+04 —2.8098E+04  9.0012E+03 —1.1932E+03  2.5787E+01 6.3270E+00 1.8343E-01
13 > —1.0402E+01 —2.4070E4+-00  3.6016E+00 1.8191E-01 N/A N/A N/A
< 3.7023E+04 —3.4640E4+04  1.2379E+04 —2.0172E+03  1.1744E+02 3.6016E+00 1.8191E-01
14 > —1.2718E+03  —8.9530E+01  2.3116E+00 1.8401E-01 N/A N/A N/A
< 3.1778E+04 —3.1442E+04 1.2045E+04 —2.1522E+03 1.4899E+02 2.3116E+00 1.8401E-01
15 > —1.8841E+03  —1.3682E+02  1.4857E+400 1.8627E-01 N/A N/A N/A
< 1.2316E+04 —-1.5676E+04  7.5535E+03 —1.6709E+03  1.4429E+02 1.4857E+00 1.8627E-01
16 > —2.9873E+02  —2.9478E+01 2.9053E+00 1.7886E-01 N/A N/A N/A
< —2.4792E+04  1.8773E+04 —4.4961E4+03  2.1530E+02 3.1834E+01 2.9053E+00 1.7886E-01
24 > —1.1906E+01 1.4715E+00 3.2622E+00 1.5791E-01 N/A N/A N/A
< 6.0147E+02 —3.3763E+02  6.4074E+01 —6.6621E+00  2.0132E+00 3.2622E+00 1.5791E-01
Band 20 pm @ polynomial fitting coefficients (b;) for MC6 water cloud
i=1 i=2 i=3 i=4 i=5 i=6 i=7
1 > —-1.9137E403  —9.4255E+01 —3.5182E+00  3.8188E-01 N/A N/A N/A
< —2.5595E4+03  2.5729E+03 —9.7865E+02  1.5366E+02 8.5947E-01 —3.5182E+00  3.8188E-01
2 > —1.2696E4+03  —5.5470E+01 —-1.9522E+00  4.4321E-01 N/A N/A N/A
< —1.6684E+03  1.6595E+03 —6.8567E+02  1.4512E+02 —1.1072E+01 —1.9522E+00  4.4321E-01
3 > —3.0119E402  —1.9329E+00  —1.8314E+00  4.3340E-01 N/A N/A N/A
< —1.8012E+03  1.6548E+03 —6.0440E+02  1.0990E-+02 —6.7073E+00  —1.8314E4+00  4.3340E-01
4 > —7.5383E4+00  8.5664E+00 —2.1245E+00  4.2307E-01 N/A N/A N/A
< —1.6060E+03  1.4510E+03 —5.0150E+02  7.8262E+01 —1.4044E+00  —2.1245E+00  4.2307E-01
5 > —1.0488E+01  4.1583E+00 —2.5591E+00  4.0326E-01 N/A N/A N/A
< —-1.3223E+03  1.1577E+03 —3.6608E+02  4.0665E+01 4.9184E+00 —2.5591E+00  4.0326E-01
6 > —1.2339E+03  —1.0233E+02  —2.8383E+00  4.7700E-01 N/A N/A N/A
< —2.6434E+03  2.4352E+03 —8.4732E+02  1.2608E+02 —9.2968E-01 —2.8383E+00  4.7700E-01
7 > —4.8062E+03  —3.1169E+02  —1.6947E-02 7.0447E-01 N/A N/A N/A
< —4.9194E+03  4.6872E+03 —1.7880E+03  3.5173E+02 —3.6168E+01 —1.6947E-02 7.0447E-01
8 > —5.2282E+03  —3.1693E+02  1.5545E+00 7.5117E-01 N/A N/A N/A
< —7.2838E+03  6.8316E+03 —2.5473E+03  4.8851E+02 —5.1819E+01 1.5545E+00 7.5117E-01
9 > —43154E+03  -2.3471E+02  3.2803E+00 7.4964E-01 N/A N/A N/A
< —1.0229E+04  9.6251E+03 —3.5926E+03  6.8592E+02 —7.2823E4+01  3.2803E+00 7.4964E-01
10 > —2.7335E+03  —1.1042E+02  4.8594E+00 7.1621E-01 N/A N/A N/A
< —1.2297E+04  1.1705E+04 —4.4338E+03  8.6170E+02 —9.3369E+01  4.8594E+00 7.1621E-01
11 > —2.7837E+02  3.6919E+01 4.8195E+00 6.4293E-01 N/A N/A N/A
< —8.3323E+03  8.2689E+03 —3.3150E+03  6.9702E+02 —8.3843E+01  4.8195E+00 6.4293E-01
12 > —3.8083E+01 —3.9982E+01  4.3230E+00 8.1750E-01 N/A N/A N/A
< -7.6101E+03  7.5075E+03 —2.9768E+03  6.1169E+02 —7.0509E4+01  4.3230E+00 8.1750E-01
13 > —1.0894E+01 2.4505E+00 4.8331E+00 7.4888E-01 N/A N/A N/A
< 5.1836E+01 9.3781E+02 —8.7686E+02  3.1363E+02 —5.5567E+01  4.8331E+00 7.4888E-01
14 > 3.5230E+01 —4.8590E+01  3.5177E+00 8.0978E-01 N/A N/A N/A
< 2.3949E+03 —1.4028E+03  6.1186E+01 1.1980E+02 —3.3321E+01 3.5177E+00 8.0978E-01
15 > 2.5481E+03 1.9397E+01 2.1668E+00 8.7078E-01 N/A N/A N/A
< 2.9969E+03 —2.2684E+03  5.3392E+02 —8.2064E+00  —1.4759E+01 2.1668E+00 8.7078E-01
16 > 1.2006E+03 —2.6485E+01 1.2298E+00 7.9274E-01 N/A N/A N/A
< 4.3545E+03 —4.2144E+03  1.5523E+03 —2.5644E+02  1.2946E+01 1.2298E+00 7.9274E-01
Band 20 pm £ polynomial fitting coefficients (c;) for MC6 water cloud
i=1 i=2 i=3 i=4 i=5 i=6 i=7

(continued on next page)
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Table A3 (continued)

1

10

11

12

13

14

15

16

8.9995E+00
—7.3621E+03
1.8283E+01
—5.4924E+03
1.8766E+01
2.0409E+-03
1.8613E+01
4.6588E+03
1.8545E+01
4.5753E+03
—2.0196E+01
3.4520E+02
—1.0051E+01
—3.1923E+03
—1.9025E+01
—2.6383E+03
5.9495E+-02
—1.5889E+03
1.9420E+03
—6.7311E+02
1.2345E+03
1.2991E+03
2.6295E+03
4.1223E+03
2.3474E+03
1.5908E+04
5.9599E+02
2.2391E+04
—6.2969E+02
2.5428E+04
—1.2448E+03
4.8714E+03

INVIAVIANVIAVIAVIAVIAVIAVIAVIAVIAVIAVIAVIAVIAVIAY

9.0259E-01 —6.9317E+00
6.4120E+403 —1.9867E+03
—1.5760E+01 —4.5137E+00
5.8976E+03 —2.4685E+03
—1.4218E+01 —3.2042E+00
—7.9557E4+02  —2.9819E+02
—1.4745E+01 —2.6872E+00
—3.5318E+03  7.7787E+02
—1.4963E+01 —2.3921E400
—3.8663E+03 1.0734E+03
—1.2721E+01 —1.8639E+00
—7.5716E4+02  3.6327E+02
5.2525E+00 —1.1252E+00
2.5926E+03 —7.7221E402
2.0549E+01 —5.8942E-01
2.4580E+03 —8.6765E+02
6.9397E+01 3.4060E-02
1.7241E+03 —7.2846E+02
1.4676E+02 4.5821E-01
9.2011E+02 —4.8487E+02
9.7963E+01 3.9543E-02
—9.7470E+02  2.2588E+02
2.1929E+02 1.2934E+00
—3.2628E+03  8.7399E+02
1.6331E+02 —6.1451E-01
—1.4008E+04  4.6776E+03
6.5846E+01 —1.6318E+00
—2.0034E+04  6.8579E+03
—2.3774E+01 —3.1533E+00
—2.3419E+04  8.3474E+03
—8.4963E+01 —3.9177E+00
—6.2083E+03  3.0527E+03

5.8329E-01 N/A
2.0660E+02  2.0164E+01
7.5315E-01 N/A
47587E+02  —2.7977E+01
8.1728E-01 N/A
1.9233E+02  —2.3121E+01
8.5347E-01 N/A
82161E+00  —1.3861E+01
8.8352E-01 N/A
~7.0774E401  —8.0699E-+00
9.2090E-01 N/A
—3.5840E+01  —5.9163E+00
9.1554E-01 N/A
121036402  —1.4223E+01
9.0383E-01 N/A
15743E+02  —1.8444E+01
8.8667E-01 N/A
1.5894E+02  —2.1102E+01
8.7217E-01 N/A
13065E+02  —2.0750E+01
8.8766E-01 N/A
~1.3622E4+00  —7.9700E-+00
8.2220E-01 N/A
~6.4499E+01  —1.0893E+01
8.2576E-01 N/A
—72180E+02  4.5624E+01
8.1162E-01 N/A
~1.1067E+03  7.8921E+01
8.0337E-01 N/A
—1.4315E4+03  1.1448E+02
8.3317E-01 N/A
—7.2863E+02  8.3963E-+01

NJA N/A
—6.9317E+00  5.8329E-01
N/A N/A
—45137E4+00  7.5315E-01
N/A N/A
—3.2042E+00  8.1728E-01
N/A N/A
—2.6872E+00  8.5347E-01
N/A N/A
—2.3921E+00  8.8352E-01
N/A N/A
~1.8639E+00  9.2090E-01
N/A N/A
—1.1252E+00  9.1554E-01
N/A N/A
~5.8942E-01  9.0383E-01
N/A N/A
3.4060E-02 8.8667E-01
N/A N/A
4.5821E-01 8.7217E-01
N/A N/A
3.9543E-02 8.8766E-01
N/A N/A
1.2934E+00  8.2220E-01
N/A NJA
—6.1451E-01  8.2576E-01
N/A N/A
—1.6318E+00  8.1162E-01
N/A N/A
—3.1533E4+00  8.0337E-01
N/A N/A
—3.9177E+00  8.3317E-01

1.25

Band01 (1000.00-28.57)
T T

Band02 (28.57-20.00)
T T

Band03 (20.00-15.87)
T T

Band04 (15.87-14.29)
T T

0.75
0.5
0.25

RMSE(>20um) : 1.0810E-03
RMSE(=20pm) : 9.3839E-05 7
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Fig. A1. Parameterizations of kex in 16 RRTMG_LW bands for the MC6 ice cloud optical model. Blue dots are discrete vales of &y, and black lines are fitted curves, for each
RRTMG_LW spectral band. Numbers in parentheses in sub-titles are the spectral ranges for each band in wavelength (um). RMSE(> 20um) and RMSE(< 20 um) in sub-figures
are the root-mean-square errors for D, > and < 20um, respectively.
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Fig. A2. Same as Fig. A1 except for the THM ice cloud optical model.
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Fig. A3. Same as Fig. A1 except for the MC6 water cloud optical model.
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Fig. A4. Parameterizations of @ in 16 RRTMG_LW bands for the MC6 ice cloud optical model. Blue dots are discrete vales of ®, and black lines are fitted curves, for each
RRTMG_LW spectral band. Numbers in parentheses in sub-titles are the spectral ranges for each band in wavelength (pm). RMSE(> 20pm) and RMSE(< 20 um) in sub-figures
are the root-mean-square errors for D, > and < 20pum, respectively.
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Fig. A5. Same as Fig. A4 except for the THM ice cloud optical model.
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Fig. A6. Same as Fig. A4 except for the MC6 water cloud optical model.
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Fig. A7. Parameterizations of g in 16 RRTMG_LW bands for the MC6 ice cloud optical property model. Blue dots are discrete vales of g and black lines are fitted curves,
for each RRTMG_LW spectral band. Numbers in parentheses in sub-titles are the spectral ranges for each band in wavelength (um). RMSE(> 20um) and RMSE(< 20 um) in
sub-figures are the root-mean-square errors for D, > and < 20pum, respectively.
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Fig. A8. Same as Fig. A7 except for the THM ice cloud optical property model.
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Fig. A9. Same as Fig. A7 except for the MC6 water cloud optical property model.
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Fig. A10. Parameterized Ky (m?/g) as a function of D, in the 14 RRTMG_SW spec-
tral bands for (a) MC6 ice, (b) THM ice, and (c) MC6 water cloud models. Numbers
in parentheses are the spectral ranges for the bands in the wavelength domain.
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