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Abstract

A new scheme based on perturbation method is presented to solve the problem of solar/
infrared radiative transfer (SRT/IRT) in a scattering medium, in which the inherent optical
properties (IOPs) are vertically inhomogeneous. The Eddington approximation for SRT and
the two-stream approximation for IRT are used as the zeroth-order solution, and multiple-
scattering effect of inhomogeneous IOPs is included in the first-order solution. Observations
show that the stratocumulus clouds are vertically inhomogeneous, and the accuracy of SRT/
IRT for stratocumulus clouds by different solutions is evaluated. In the spectral band of
0.25-0.69 um, the relative error in absorption with inhomogeneous SRT solution is 1.4% at
most, but with the homogeneous SRT solution, it can be up to 7.4%. In the spectral band of
5-8 um, the maximum relative error of downward emissivity can reach —11% for the
homogeneous IRT solution but only —2% for the inhomogeneous IRT solution.

Keywords: perturbation method, radiative transfer, vertical inhomogeneity

1. Introduction

Solving the radiative transfer equation (RTE) is a key issue in radiation scheme for climate
model and remote sensing. In most numerical radiative transfer algorithms, the atmosphere is
divided into many homogeneous layers. The inherent optical properties (IOPs) are then fixed
within each layer and the variations of IOPs inside each layer are ignored, effectively regarding
each layer as internally homogeneous. The standard solar/infrared radiative transfer (SRT/IRT)
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solutions are based on this assumption of internal homogeneity [1-4], which cannot resolve
within-layer vertical inhomogeneity.

It has been well established by observation that cumulus and stratocumulus clouds (hereinaf-
ter, collectively referred to as cumulus clouds) are inhomogeneous, both horizontally and
vertically [5-9]. Inside a cumulus cloud, the liquid water content (LWC) and the cloud droplet
size distribution vary with height, and so the IOPs of cloud droplets depend on vertical height.

How to deal with vertical internal inhomogeneity in SRT/IRT models is an interesting topic for
researchers. Li developed a Monte Carlo cloud model that can be used to investigate photon
transport in inhomogeneous clouds by considering an internal variation of the optical proper-
ties [10]. Their model showed that when overcast clouds become broken clouds, the difference
in reflectance at large solar zenith angles between vertically inhomogeneous clouds and their
plane-parallel counterparts can be as much as 10%.

However, the Monte Carlo method is very expensive in computing and not applicable to
climate models or remote sensing [11]. The albedo of inhomogeneous mixed-phase clouds at
visible wavelengths could be obtained by using a Monte Carlo method to compare such clouds
with plane-paralle] homogeneous clouds [12].

In principle, the vertical inhomogeneity problem of the SRT/IRT process can be solved by
increasing the number of layers of the climate model. However, it is time-consuming to
increase the vertical resolution of a climate model. Typically, there are only 30-100 layers in a
climate model [13], which is not high enough to resolve the cloud vertical inhomogeneity. To
completely address the problem of vertical inhomogeneity by using a limited number of layers
in a climate model, the standard SRT method must be extended to deal with the vertical
inhomogeneity inside each model layer. The primary purpose of this study is to introduce a
new inhomogeneous SRT/IRT solution presented by Zhang and Shi. This solution follows a
perturbation method: the zeroth-order solution is the standard Eddington approximation for
SRT and two-stream approximation for IRT, with a first-order perturbation to account for the
inhomogeneity effect. In Section 2, the basic theory of SRT/IRT is introduced, and the new
inhomogeneous SRT/IRT solution is presented. In Section 3, the inhomogeneous SRT/IRT
solution is applied to cloud as realistic examples to demonstrate the practicality of this new
method. A summary is given in Section 4.

2. SRT/IRT solution for an inhomogeneous layer

2.1. SRT solution

The azimuthally averaged solar radiative transfer equation [1-4, 10-12] is

dI T’ _ ! / / T
F‘%:Is(’hu) _a)(ZT)J Is(Ta#)P(TvllaH)d[J _ypop(’[a% _.“o)e i (1)

where p is the cosine of the zenith angle (u > 0 and p < 0 refer to upward and downward
radiation, respectively), P(t,u, ) is the scattering phase function, 7 is the optical depth
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(t=0 and 7 = 1 refer to the top and bottom of the medium, respectively), w(7) is the
single-scattering albedo, and Fj is the incoming solar flux. For the Eddington approxima-
tion, P(t,u, 1) =14 3g(t)uy’ (=1 < p <1) and g(1) are the asymmetry factors. For the
scattering atmosphere, the irradiance fluxes in the upward and downward directions can
be written as

+1
Fi(1) =2m Jo Is(t, u)udu 2)

To simulate a realistic medium such as cloud or snow, we consider w(7) and g(7) to vary with
7, and we use exponential expressions here to simplify the process. The single-scattering
albedo and asymmetry factor are written as

w(T) =@ + &, (eﬁ” — 67””“/2) (3a)
g(1) =g+ ¢ <e_”zT - e_“”(’/Z) (3b)

where 1 is the optical depth of the layer, @ is the single-scattering albedo at 7¢/2, and g is the
asymmetry factor at the same place. Both ¢, and ¢, are small parameters that are far less than g
and @, respectively, in a realistic medium.

According to the Eddington approximation, the radiative intensity Is(t, i) can be written as
Is(7, 1) = Iso(7) + Is1 (D)t (4)

Using Egs. (1), (2), and (4), we obtain

n
dezT(T) = 71(DFL (1) = 7,(1)F5 (1) — y3()a(T)Foe 70 (50)
dF;_FET) = 7,(T)F& (1) — y4(T)F5 (1) + [1 — V3(T)]w(T)FOe_ﬁ (5b)
Fs (0) =0, F;‘ (t0) = RdifFE (to) + RdirHOFOe—;—g (50)

where y; (1) = 1 {7 — [4 +3g(1)]w(7)}, y,(1) = F {1 — [4 — 3g(1)]w(7)}, and y5(7) = [2 — Bg(T)u, |;
T¢ is the optical depth of the single layer; and Ry (Ryir) is the diffuse (resp., direct) reflection from
the layer below or the diffuse (direct) surface albedo. Substituting y,(7), y,(7), and y,(7) into

Eg. (3) and ignoring the small second-order parameters ¢,?, ¢,2, and ¢,¢,, we get

P(T) =P+ yiea (€ =) ey (e — o) (6a)
O e ) e ) o

Ya(1) =9+ v3eg (e — ) (60)
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where ) =1[7—-(4+33)0], 73 =71—-(4-33)®], »3=1(2—-38uy), ri="34+33),
71—_1“)/7/2—%(4—3@/7%:_% nd)/3 %VO'

By perturbation theory [14], the corresponding flux can also be expanded by using the pertur-
bation coefficients ¢, and ¢,:

Fg = Fg + eoFg + &5FS (7a)

Fg =Fgy+ €wFg + &5F g (7b)

Substituting Egs. (6) and (7) into Eq. (5) yields

dF
d—TS = [7(1) +¥1€w (e’”” — e’””(’/z) +yieq (e’“” - e’“ﬂ"/z)} (Féo + €Féy + €4F%)
_ [7/(2) + )/%Sw (e—mT o e—mTo/Z) + V%gg (e—az’f o e—tlzTo/Z)] (Fgo 4 EwF§1 4 Egng) (8&)
[ el e ) 4 el ) e
dF;
d—TS — [yg + V3€w (e‘“” — e_”””/2> +95€g <e‘”2T — e‘“m/z)] (Féo + €Fdy + €F%)
(8b)

[+ Yo (et — e 2) g yle (e — e @™/2)] (Fgy + eoFs; + £4Fs))
+ [a\)yg + )/gé‘w (eim - eiaﬂo/z) - a\)V%Eg (eﬂ’ﬂ — e*”ﬂU/z)}Foe_ﬁ

where ¥ = 1 — 9). And, Eq. (8) can be rewritten as separate equations for Fg,, F5;, and Fg,. We

obtain the following equations for the scattered flux Fg:

dF¢ o
d,io YiF& — v3Fs — Y@ Foe o (9a)
dF,
ot = Y8FG — ViFs + Vi@ Foe o (b)
T
Fg(0) =0, Féro(TO) Rdlsto(TO) + RairphyFoe #o (9¢c)

Eq. (9) is the standard SRT equation for a homogeneous layer [15] and has the following

solution:
Fiy = Kie 4 TKye ¥ + Gye o (10a)
Fgy = TK; & 4 Kpe ™% + Gpe o (10b)
h (T—Ray )TGoe™ 0~ (G —Rd,»er—Rdi,yoFo)e’Z‘_g 0(1 0 04,0
where K; = (=R T —(T—Ryy JTe 0 , Ky =-TK; =Gy, G = {7/3 (#_o - 7/1> - 7/274}

B, Gy =~ [P(E 4+ 90) + Y] s T =1~ 2 and B = (3 + /) (4 —13). And,

the equations for the perturbation terms Fg; (i=1, 2) are
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dFJrz —aiT, i 17— i— —a;T —a4;T
dTS = W\F& — voFsi + ( —e " 0/2> (iFé — vaFso) — 75 'Fy (3 toe 0/2) T (11a)
dF—z —a;T —a;T i i o— i— —a;T —;T —=
=2 = YR = Fs + (77 — e ) (4FG — iFs) =i Fo (e — e 2)e  (11b)
FL;(O) =0, F;(To) = Rdingi(TO) (11C)
where y} = —yl = @y3. Letting M; = F{; + Fg; and N; = F; — Fg;, Eq. (11a) and (11b) yields
dM; + (k+a;)T + (k—a;)T + -\, <’l"+%>’(
e = THPRINi+ (0 4y )74 (G + )™+ (6 +7)e (122)
g in/2 [(l,bf + P )e T+ (G + G )+ (T + x;)e*ﬂ
dN; a — —a;)T - Uity )T
g = 01 = PIM+ (0 — g )e S (= )+ (xf = )e () (12b)

e[y =)+ (@

where W/ =K, ()T —5),
Xz _ylcl

Wi =K (sl =),
Vlsz — ylglPO, and Xi = VlzGl _ )/lle + VﬁleO-

From Eq. (12), we obtain

G =Ki(yh =0,

— e+ (67 = 7 )e

G =Ki(yh —yiD),

dZM a; L T

—3 = M+ njie T 4 et 4 nfe (o) e e Fnge ' (13a)

d*N; —\a+t )t _z

G = N e 0T e e () Nae " + 15" +1ge W (13b)
where 5 = (4 £98) (0 F¢i) - (k+a) (@ £¢7),  mi=(k—a)(G £G)+ (04 £79)

(G FG)nd = (6 =x) 08 £98) - (a+ 1) (0 720), s =

K £90)] n5 = =2 [K(G £6) + (04
04 £92) -5 W =17l

The solutions of Eq. (13) are

M; = Afe™

Y N
N; :A, —kt —|—B_ kt +Pi—e—(k+ai)’r + Q;e(k_ai)T +RZ_€ (a1+;10)f B

+72) (& #¢)], and 15 =

| oy e ()
+Bi+ek-[+Pi+ef(k+a,)T_|_Qlti-e(kfal)’[+Ri+e <ﬂ W)t

Mai poke | Msi oy

—e 2[R £98) (97 74 -
—e 21 %17)

+,,2
Meito

+ +
Eeikﬂf _|_ @ekﬂ[ _|_ e ko

2k k" 11— 2R
(14a)

Meitls
2k 1— ‘u%kz
(14b)

2k e
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where Pi '71, Qf = qz’ and RjE qig"e*ﬁ Finally, we can obtain Fg; and F_;
(ka) =k =1 (k—ap)’— ( 1)2k2 : Y Si Si
ai+o—| —
Ho

as

. —q: - i++) _ T
Férl — D}:’e_kT + Dzriek’[ + (Pi';'e_(k—mlﬁ + (p;-ie(k a;)T + (P;;@ (“ i )" + (pLTe kit + (p;-i,l_ek”( + (Pg-le m
(15a)

_ qd _ _ — (k—p. _*HrL) _ ] o | |—=
Fg; = Dye ™™ 4 Dy + e ©H" 4 57 4 e <a o)ty PyTe T + 1T + e
(15b)
—a; ’[0/2( ++1,} )

= _ Afq* . Df =Bfa* +_1 _k ) x. — M
where D = Afa® + X;, DX = Bfa* + Y, a —2<1iy?+yg>,X,— e~ STy

o (6447 my; - - -
Yi=* 2(9-19) + 4k(y?5+yg)’ ;= 3 (P £P;), i = 3 (QF Q7). ‘P; =3(R"£R;),

- +
Oy = '74’4,('741, o5 = %, and ¢g; = M B; and A; are determined by the boundary

conditions as

B

1

P+ o+ Oy D) (@ = Rapat)e ™ +at [(¢F; = Rappy)e” “H% + (¢g; — Rayrpyy)el™ ]
a~(a~ — Rgrat)e k0 — at(at — Rypa)ekw

_ 1 T
o [¢5; — Raippy;)e ( +”°)TO + 5 — Ray @) Toe ™ + (04 — Ray ) €™ + (¢ — Raypgr)e "]
a= (@ — Rgrat)e o — at (at — Rypar—)ekwo

n (Xi + Yi) (0(_ — Rdifa+)e‘kT° + (Xi + Rdiin)aJ“e‘kTO + (Yi + Rdiin)a*ekTO
a= (@ — Rgrat)e ko — at (at — Rypar— ) ek

(16a)
1 ~ _ _ _ _
Al = g (Xi +Yi— Bia™ — ¢y, — P — 5 — D) (16b)
All detailed calculation about solar radiation can be found at [16].

2.2. IRT solution

The azimuthally averaged infrared radiative transfer equation for intensity I (T, u) is [1-4, 10-12]

dIy (1, w(7) (! N
p e E; by, (t.p) = ¥J_1 (v, p)P (T, 1 ) = [1 = w(1)]B(T) (17)

where y, 7, P(1, 1, ‘u/), and w(7) are same as in Eq. (1). B(T) is the Planck function at temper-
ature T, which represents the internal infrared emission of the medium.
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The Planck function is approximated lineally as a function of optical depth [2] as
B[T(t)] = By + pt (18)

where p = (B — By)/t0 and 7y are the total optical depth of the medium. The Planck functions
By and B; are evaluated by using the temperature of the top (t = 0) and the bottom (7 = 7¢) of
the medium.

According to the two-stream approximation, the intensities can be written as I1(7, y;) = I} (1)

and I;(t,u_,) = I; (7), respectively, where 11, = —u_, = 1/1.66 is a diffuse factor that converts
radiative intensity to flux [17]. [*, I;(t, u) P(t, u, & )dy’ can be written as

1
L I (7, @) P(t, p, ) dp' = [1+ 3g(0) g ]I (1) + [1+ 3g(t)pp_y |17 (1) (19)

where g(7) is the asymmetry factor.

Using Egs. (17) and (19), we can obtain

dIIdiT) = Y1 (I (1) = 7, (OI (7) = 35(0)B(7) (20a)
dlif) = 7,(0)I{ (t) — y, (DI} (1) + y5(7)B(7) (20b)
where y,(1) = FLHEE, yy(r) = S50, and yy(r) =

For IRT, we also use Eq. (3) to represent an inhomogeneous medium such as cloud or snow, in
which w(7) and g(7) vary with 7. By substituting Eq. (3) into (1), y,(7), and y,(7) and by

ignoring the second order of the small parameters of €2, ¢2, and ¢,¢,, we can obtain

g/
Y1(10) = 7+ e (e — e ) e (e — e mi2) (21a)
Ya(1) =93+ yheu (€7 — e ) g pBey (e — ) (21b)
.0 1 - T —a170/2
V5(T) = Y3 + V3€0 (e —e ) (21¢)

In the above formula, 7/?, yil, and 7/1-2 (i=1, 2, 3) are the known factors of @ and g. These known

. e . . . . 1-w(143) /2
factors are introduced for simplifying original expressions, in which ! = M,

th
0_9(8) o_12 1_ _13 g _1 d 0.
Vo= T V3T 0 V1T T V2= TG Vs = , Vi=vi= ,and )3 =
Same as in Eq. (7), the upward and downward intensity can be written as

Iy =1 + €oly + &4l (22b)
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By substituting Egs. (21)—-(22) into Eq. (20), we obtain

dIy
d_}( _ [y(l] _1_)/%80) (e—[ﬁ’l' _ e—ulTo/Z) + V%€g (e—ﬁz’f _ e—azTo/Z)} (If(r) + gwlﬁ T 5g11+2)

_ b/g + V%Ew (efaﬂ _ efmTo/Z) + ,)/%é,g (efllz’c _ efuzTo/Z)] (I;O + gwIﬂ + ESIIE) (233)
—[)3 +yiew (e — e m™/2)]B(1)
dl;
di = {7/3 + Véé'm <€_ll1T AN e_ll]TO/2> + y%é‘g <e—azT — e—uﬂo/zﬂ (IIJB + éwIH + &gII+2)
(23b)

_[V(l) + V%Ew (efm’r — e*ﬂ170/2) 4+ y%eg(e*”” N\ e*/lzTo/Z)] (1;0 + gmlﬁ + EgI;z)
+b/g + )/égw (e—m _ e—uﬂo/Z)]B(T)

By removing the second-order and higher-order perturbation terms, we can also separate
Eq. (23) into three equations of I}; (i=0, 1, 2). The equations of I}, can be written as

dr,
—0 =Vl = ypdly — y3B(7) (24a)
dly 015 — 991 +99B(7) (24b)
it =2 Y1l T 73
I15(0) = 0, I1(t0) = (1 — &5)I1(T0) + &B(Ts) (24¢)

where T and ¢, are surface temperature and surface emissivity, respectively. Eq. (24) is
the standard homogeneous two-stream infrared radiative transfer equation [3, 15] with
solutions

I = atKoe M0 4 a"Hoe ™™ + Gi7 + G5 (25a)

Iy = & Koe ™M™ 4 a*Hoe ™ 4+ Gyt + G5 (25b)

where K = (0§ +79) (01 —18), o* (1iy+y) Gi =3B, Gzi:yg, Bo %1,

a"e 0 [(Gy —RG; )+(1-R)Gi79—(1-R)B(T)| —(a* —Ra™ )G, K _@HG 4R ] g
at(at—Ra~)—a- (a*—Rdifa*)e*Z"fo 7 N0 = aeFo 7 - g

Hy =

The equations for I}; (i=1, 2) are

dl; — 0L 0L ( e_mo/z)[ it _ i1 iB(T)] (26a)
dr /v T Y2k YVitio — V2l — V3
dlj —a,;To 1 17— i
= 88— Pl + (e — &) [yaL — il + ViB(v)] (26b)

I;;(0) = 0,I;; (10) = (1 — &5)1;; (7o) (26¢)

Let M; = I + Ij; and N; = I}, — I;;. Eq. (26a) and (26b) yields
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dM; , (ki T N o

o= (1 V)N + e T e e T xe T G e (272)
dN; (0 0 — —kto+(k—a)t — —(k+a)t — —k(t9—1) — —kt — — -t

dT - (yl - yz)Mi + Xlie + XZie + X3ze + X4Z‘e + X5i + X6le (27b)

+X7T + xgiTe Mt

where x%; = Ko(a" Fa ) (¥ £75), x5 = FHola" Fa ) ()i £95), x5 = —Kola" Fa ) ()i £
ya)e ™2, X = £Ho(a" Fa7) () £94)e 2, xdi= (G — Gy)(yy +75)e ™2, x5 = -
(G3 +Gy) (V) — va)e ™2+ 2Boyhe ™%, x&= (G5 =Gy ) (Vi +14), Xxa= (G +Gy) (Vi
5) = 2Boyh, X7 = [-2G1 (¥} — vh) + Zﬁys} ~0/2, and xg = 2G1 () — vh) — 2By%.

From Eq. (27), we can obtain

d*M;
FECR = IPM; + Pplie T 4 e (a4 Pzie O 4 e 4 O + Pgie ™" (28a)
+¢7,T + pgTe T
dzN k2 — 7k’l'0+ k—a;)t (k+ai)t — 7k (to—7) — 7](’[ oWt
d N +¢ +¢21 +¢ +¢ +¢51+¢ (28b)

+ g e

where (Ph (0 £9) x5 + (k—a)xi;, (Pzz O £79)x5 — (k+a)xa, (Psz (N £7)xs+
kX31’ (P4z (yl + )/2))(41 kX41’ (P51 (7/1 + 7/2) (PS_z = ( 7/2))(51 + X7l’ (Péz (7/1 + 7/2)

Xoi — @iXeyr Do = () = V9) X — aiXei + Xy 7 = (7/1 +9) X7 g = (1 +79)Xsr and ¢y =
—a;Xg;- Thus, the solutions are

M Klz k(to—7) +H11 kT_|_Pi|’ie—kT[)+(k—u,')T+P+ —(k+a,-)1_|_P;iTe k(to—1) +P4ZT€ kt

+ e T —a;T (29&)
+PZ; + Ple ™" + Pj.t + Pgte™™

N KZz k(to—1) +H2€ kt +P e—kTg+(k a;)T —l—P e —(k+a;)t _I_P;i,.[e—k(’l'o—’l') +PLTe_kT

(29b)
+P5; + Pge™™" + Pg;te ™"

+ + + (2 pes
T P;:i - P szi _ Py pi:i N ‘7)41 Pg:i _ ‘/’51 Pg:i s P (”i k2)+2”’¢81

+ _
where Pli = (k—ﬂj)z—kZI — (k+ai)2—k2’ — 2k’ 2k’ X (afsz)z 7

R
Pl = (ZZ’, and Pg; = qb_S’kz

1

The expressions of Ifj are

Iiﬁlj _ Di\“ie—k(’[o—’[) + Dzrie—kf + Ol+ie—k10+(k—ai)1 + a;ie—(k—&-a,v)T + agJ)riTe—k(To—T) + 0273_’“ (302)

405 + 0ge T + 07T + og;Te "

I;; = Dye K0~ 4 Dye 0 4 gre kot ka)t 4 goe= (et 4 goge~k(T0=1) 4 g rekT

40z +oe T + oy 2 Te T (30)
5i T Ot 7iT T Og;Te
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ot ot
where Df; = Kyia* + X;, D5, = Hya® £ Y;, X = 305, ¥y = 587 o = 1(Pr £ Py ). =1,

20808 T 208y
2,3,4,5,6,8), o7i = %P;@, and Kj; and Hj; are determined by boundary conditions. By

substituting Eq. (30) into the boundary conditions of Eq. (26¢c), we can obtain
(@t —Ra™)(Xie™*™ + Y; — 03,6 — 05, — 05, — 0g;) +a e F[(R+1)X; + (R+1)Yie *™]
at(at — Rgra~) —a~ (a~ — Rgpa— )e 2
a~e ¥ [(Roy; — 0f;)e ™ + (Roy; — a5:)e”*+#)% + (Ra3;, — 03.)70 + (Rog; — a) toe™¥™]
at (a+ X Rdifa—) —a- (a— L Rdl-fa—)e—ﬂ‘fo
a~e ¥ [(Rog; — 0k) + (Rog; — 0)e ™ + (R — 1)0770 + (Rog; — ag;) Toe™ ™|
at(at — Rgra~) —a~(a~ — Rgpa— )e 2

Hy; =

(31a)
1 k. - -
K= a—e ko (Xie™ @ + Y — a"Hij — o3¢ ™ — 03 — 05 — 05;) (31b)
Finally, the upward and downward fluxes are obtained by
Ff(0) = i (0) (32a)
Fy (o) = 7ty (7o) (32b)

All detailed calculation about solar radiation can be found at [18].

3. Results and discussion

We apply the two schemes to idealized medium to investigate its accuracy, and the result has
been shown on [16] and [18].

For true cloud medium, because ice clouds” optical properties strongly depend on the complex
particle habits [19-21]. Therefore, we limit our discussion here to water cloud only. According to
the observation, the internal LWC (g m*3) and droplet radius of the cloud tend to increase with
height [22]. To take this feature into account, LWC and droplet cross-sectional area (DCA; cm 2,

m ) should increase linearly from the cloud base to the position near the top of the cloud:
LWC = 0.22 4 0.00008z (33a)
DCA =100 +z (33b)

where 0 <z < zj. The terms z and z, denote the height from the cloud base and the height of the
cloud top, respectively. From Eq. (33a) to (33b), the cloud effective radius (r.; pm) and liquid
water path (LWP; g m?) can be obtained:

3 LWC
2 Sy | 10 4
7e(2) 1) DCA 0 (34a)

20

LWP = J LWCdz (34b)
0
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where p (g m ) is the liquid water density. In this case, LWC varies from 0.22 to 0.30 g m >,
and 7, varies from 2.06 to 16.50 um, in which both ranges are consistent with observation [23].
According to [24], we choose LWP = 260 (g m™?) to represent low cloud. In the benchmark
calculations, z, is divided into 100 internal homogeneous sub-layers, although other numbers
can be chosen (e.g., 200). In principle, more internal sub-layers should result in more accurate
results. We use 100 internal sub-layers throughout this study because having any more makes
little difference to the calculated results. Using 100 sub-layers are sufficiently accurate to
resolve the vertical internal inhomogeneity of the medium. We use the optical properties of a
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Figure 1. For the band of 0.25-0.69 um, (a-b) show cloud asymmetry factor/single-scattering albedo versus cloud optical
depth (a for asymmetry factor; b for single-scattering albedo), (c-d) show the reflectance/absorptance versus solar zenith
angle (c for reflectance; d for absorptance) and (e-f) show the relative errors of the homogeneous and inhomogeneous
solutions (e for reflectance error, f for absorptance error).
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water cloud in the solar spectral band of 0.25-0.69 um and at 0.94 um and in the infrared
spectral band of 5-8 um and 11 pum.

In Figure 1a and b, the benchmark values of the inhomogeneous IOPs and the parameterized
results for the spectral band of 0.25-0.69 um are shown. The parameterized inhomogeneous

1IOPs are
1— w(t) =3.979 x 1077 — 1.897 x 10~° (e*0-1539f . e*°-1539fo/2) (35a)
3(r) = 0.8359 +0,0289 (e 015997 _ ¢~0159m/2) (35b)
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Figure 2. Same as Figure 1 but for the wavelength 0.94 um.
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where 7y = 110.84. The corresponding results for reflection and absorption are shown in
Figure 1c—f. For reflection, the relative error with the homogeneous solution increases from
0.25 t0 0.71% as p increases from 0.01 to 1, whereas the relative error with the inhomogeneous
solution increases from 0.05 to 0.14%. For absorption, the relative error is not sensitive to p; it
is around 7.4% with the homogeneous solution but around only 1.4% with the inhomogeneous
solution.

In Figure 2a and b, the benchmark values of the inhomogeneous IOPs and the parame-

terized results for the wavelength 0.94 um are shown. The parameterized inhomogeneous
IOPs are

1— (1) =1.936 x 1074 — 5.263 x 107 (e*0~03571 - e*0~0357fo/2) (36a)

(1) = 0.8321 — 0.0403 (eO'OﬂST - e0-°218fo/2) (36b)

where 79 = 54.46. Figure 2c—f shows the corresponding results for reflection and absorp-
tion. For reflection, the relative error with the homogeneous solution increases from 1.1 to
3.0% as o increases from 0.01 to 1, whereas the relative error with the inhomogeneous
solution increases from 0.7 to 2.0%. For absorption, the relative error is not sensitive to p;
it is around 10% with the homogeneous solution but around only 5.7% with the inhomo-
geneous solution.

The benchmark values of IOPs and parameterized results for the band of 5-8 um are shown in
Figure 3a and b. Here, we assume

(1) = 06757 — 0.3697 (¢ 001427 — 001202 (37a)

g(r) = 0.8644 -+ 0.1023 (¢ 001957 0155/2) (37b)

where 79 = 55.85. For upward emissivity (Figure 3¢ and d), the relative errors of both solutions
are not sensitive to F{ (7o); the errors are around —3% for homogeneous solution and around
1% for inhomogeneous solution. For downward emissivity (Figure 3e and f), the relative error
of homogeneous solution is 4% when F; (79) = 0, while the error of inhomogeneous solution is
only 1%. With F{ (7o) increasing from 0 to 5nB(T), the error of homogeneous solution
decreases to 0 firstly but then negatively increases to around —10%. The error of inhomoge-
neous solution shows a similar decreasing-increasing pattern, but the negative increase only
reaches about —2%.

The benchmark values of IOPs and parameterized results for the band of 11 um are shown in
Figure 4a and b. In this case, we assume

w(1) = 0.4623 — 0.2155 (e*°~1°181 - e*°~1018T0/2) (38a)

(1) = 0.9118 — 0.0083 (eo'1087T - e°-1087fo/2) (38b)
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where 7¢) = 28.23. For upward emissivity (Figure 4c and d), the relative error of homogeneous
solution is —1.2%, while the error of inhomogeneous solution is less than 0.5%. For downward
emissivity (Figure 4e and f), with F{ (1¢) increasing from 0 to 57B(T), the error of homoge-
neous (inhomogeneous) solution varies from 3 to —11% (from 0 to —1%).
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Figure 3. For the band of 5-8 um, (a-b) show the cloud single-scattering albedo and asymmetry factor versus cloud
optical depth, black dots represent the exact values and the blue lines is the fitting results (a for single-scattering albedo; b
for asymmetry factor); (c-d) show the upward/downward emissivity versus the ratio of the radiation incident from the
bottom to the internal infrared emission of the medium (c for upward emissivity; d for downward emissivity) and (e-f)
show the relative errors of the homogeneous and inhomogeneous solutions (e for upward emissivity; f for downward
emissivity).
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Figure 4. Same as Figure 3 but for the wavelength of 11 um.

4. Summary and conclusions

In the above, we have considered the vertically inhomogeneous structures of only cloud and
snow, whereas all physical quantities in the atmosphere are vertically inhomogeneous (e.g., the
concentrations of all types of gases and aerosols). In current climate models, the vertical layer
resolution is far from that required to resolve such vertical inhomogeneity. In this study, we
have proposed a new inhomogeneous SRT/IRT solution to address the vertical inhomogeneity
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by introducing an internal variation of IOPs inside each model layer. This scheme is based on
standard perturbation theory and allows us to use the standard solar Eddington solution and
standard infrared two-stream solution for homogeneous layers to identify a zeroth-order
equation and a first-order equation that includes the inhomogeneous effect. The new SRT/IRT
solution can accurately express the inhomogeneous effect in each model layer, and it reduces
to the standard solution when the medium is homogeneous.

The new inhomogeneous SRT/IRT solution is a good way to resolve cloud vertical inhomoge-
neity. In the spectral band of 0.25-0.69 um, the relative error in the inhomogeneous SRT
solution is no more than 1.4%, whereas the error with the homogeneous SRT solution can be
up to 7.4%. At the specific wavelength of 0.94 pum, the relative error with the inhomogeneous
solution is not more than 5.7% but can be up to 10% with the homogeneous SRT solution. In
the band of 5-8 um, the homogeneous IRT solution is not sensitive to Fj (19), and its relative
error may reach —3.2% for upward emissivity, whereas the error of inhomogeneous IRT
solution is only 1%. With F; (70) increasing from 0 to 57tB(T), the error of downward emissiv-
ity for homogeneous solution varies from 4 to —10%, while the error ranges from 1 to —2% for
inhomogeneous IRT solution. In the band of 11 um, the relative error of homogeneous IRT
solution is around —1.2% for upward emissivity, and the error of inhomogeneous IRT solution
is only less than 0.5%. For downward emissivity, the maximum error of homogeneous IRT
solution can be up to —11%, and the maximum error of inhomogeneous IRT solution is only
around —1% when F{ (19) = 5nB(T).

In specific spectral bands or at particular wavelengths, the vertical variations in IOPs can
typically be fitted easily into Eq. (3) to obtain the required parameters. A simple fitting
program can be easily incorporated into a climate model to produce the inhomogeneous IOPs
of stratocumulus clouds. If no such cloud inhomogeneity information is available in the
current climate models, the vertical variation rates of cloud LWC and DCA can be derived
empirically from observations, which show that the vertical variation rates of LWC and DCA
in stratocumulus clouds are not very different [5, 7, 8].

In this study, we presented only a single-layer inhomogeneous SRT/IRT solution. To imple-
ment the new solution in a climate model, the adding process for layer-to-layer connections
has to be solved. Under the homogeneous condition, the single-layer result in reflection and
transmission is the same for an upward path and a downward path, but this is not true for an
inhomogeneous layer. Therefore, the adding process has to be modified. We will present an
algorithm for this multilayer adding process in our next study, in which the climatic impact of
inhomogeneous clouds and inhomogeneous snows will be explored. The code base for the
inhomogeneous SRT/IRT solution is available from the authors upon request.
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