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Q Introduction

Cloud Radiative transfer (RT) process is one of the basic physical processes of the
carth—atmosphere system, which plays an important role in the climate change and
remote sensing.
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1.Cloud radiative transfer for solar radiation

2. Cloud radiative transfer for Infrared radiation

3. Radiative transfer in vertically internally

inhomogeneous cloud

4. Radiative transfer model (ERTM) and its application



Q Introduction

Framework of Radiative transfer simulation

Atmospheric informatio\n

*Pressure

*Temperature

*Gas density

*Aerosol content

*Cloud cover and
cloud effective radius

Parameterization scheme
» Scattering scheme

» Gaseous transmission
scheme (eg. correlated k-
distribution)

/()ptical propertie
*Optical depth
*Single-scattering

W albedo

*Phase function

!Surface albedo

~

S

eSurface characteristics/

Output

v Flux
v’ Heating rate
v' Intenstiy
v" Bright

temperature
v ..

Solution of RT equation

>

Spherical harmonic
expansion method
Discrete ordinates
approximation
Hemisphere approximation
Monte Carlo scheme




Cloud radiative transfer for solar radiation

Introduction

The radiative transfer equation 1s an integro-differential
equation. The exact solution of the radiative transfer equation
in a scattering and absorbing media 1s impossible to be
obtained in a computationally efficient manner even for the
plane-parallel case, thus, approximate methods are necessary.

Solar radiative transfer equation single-scattering

albedo
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radiative dependent phase
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Cloud radiative transfer for solar radiation

The d-two-stream approximations provide a simple answer to radiative transfer,

especially the 6-Eddington approximation and o-two-stream discrete ordinates
method (DOM), are widely used.

o0-Eddington approximation

Q +
o-two-stream discrete ordinates method (DOM)

| Fludu = Z vl ()

1=—n

Iz, w) = 1,(c) + I(D)u

](Talu) — ]—1(T9ﬂ—1)+]+1(z-9ﬂ+1)

However, the cloud heating might have been underestimated by as much as 10%
under the cloudy-sky condition, which indicates that a four-stream or higher order
approximation scheme is necessary in order to obtain the accurate solar cloud
absorption in weather and climate models.



Cloud radiative transfer for solar radiation

1. Adding method of four stream DOM (4DDA)

Single layer solution for four stream discrete ordinate method (DOM)

(Liou et al.1988)
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Cloud radiative transfer for solar radiation

Adding method of Four stream DOM (4DDA):

Incident beam

a) two layers \ R
12

lLevel 1

R, T,
The four principles of invariance governing ol 3 layer 1 ﬁ U
the reflection and transmission of light beam, e U
R, T, la D
yer 2
Level 3

- 1
U, ) = Ry(p, 1) €xp (_j) - ZJ Ry (e, 1 )D (', po)p dp
0 0

1
D(p, pg) = Ty (1, ) + 2 L RY(p, kYU, po)p dp

. F| 0
Ry (s ) = Ry (p, ) + Upe, ) exp (_;) +2 L TF(u, p YU, o)’ dp

1

T T

Ty o(ps ) = T, ) EKP(—“—I) + D(u, .uu)EXP(—f) +2 L Ty (p, ' )D (W, o)’ dp
0



Cloud radiative transfer for solar radiation

Using the two node Gaussian quadrature to decompose the integrations

U(g) = RaGag) xp =L ) + R, (s

Ho
D(Ju-u) = Tl(p”) w ﬁ?u(ﬁ[})
R, (mg) =Ry(py) + Tfu(ﬁti)
T _
Ty 2(ng) = Ty(ny) exp (_j) + T, D ()
0
We get the solution
U(y,) =[E- ﬁ2ﬁiz{]_l [HE (1) eXp(_;_l) 2 ETI (“‘U)]
0
D(u,) =T (g, + RF[E - ﬁzﬁ‘f‘]_] s [Hz{_u,ﬂ) exp(—f—:}) + ﬁle(,uu)]
R, (1) = Ry(ny) + THE-R,R{™ X \‘Hz(:”“u)e"p(_}) ¥ ﬁle(“ﬂ)]
0

T (k) = Tz(”u)e"‘p( N ) +T,T, (1) + T, RIE-R,R{]™

]

x [Rzmu)exp( ) +R Tluuu)]



Cloud radiative transfer for solar radiation

b) multi-layer \ \

—

Applied to an atmospheric slab extending from the layer 1 to layer k,

U, () =[E- Rk+l,NI—{>lk,k ]_1 [Rk+1,N (44, )e_rl’k/uo + Rk+1,NTl,k (:uo )]

D, (1) = T, (:Uo ) + ﬁfk [E—- Rk+l,NR>lk,k ]_1 [Rk+1,N (L4 )e_rl’k/yo +R VT (:uo )]

Finally, the upward and downward fluxes at level k +1 (lower boundary of the
layer k) are

T \’ 1,k Ho
Foo=ubpn-U, (:uo) Foo=gbn-D (/uo) + tobpe " &

Zhang et al J. Atmos. Sci., 2013a
Zhang et al J. Atmos. Sci., 2016



Cloud radiative transfer for solar radiation

2. Adding method of four SHM (4SDA)

Single layer solution for four stream spherical harmonic expansion

method (SHM) (L1 et al.1996)

The intensity can be separated out the angle-dependent factor by assuming

I(r, =) 1, (DB (1)

Substituting the above formula into RT equation and using the orthogonality
relation of the Legendre function,

1 (7) 0 a 0 -3q| L] | 3b-h
d | 1,(7) a, 0 0 0 ||, (7) -b,
dr|1,(7) 0O 0 0 ia ||L(7) -+ b,
L(7)] |39y O -34, 0 I,(7)| |$b-3b,




Cloud radiative transfer for solar radiation

According to the orthogonahty of P;(n) and P;(u) in O<u<I or -1<u<0, we can get

F (7)= Zwuu I(T )P () du= 211'[ L(7) —Li{7) +SI (T)]
-
F ()= 211"0 I(T,#)PE(,[L) dp = 2#[—§I{}(T) + éfz(T) — 13(7)]
Fr () =2z [ Iz, )P, (w)d =27rFI SO AR (1-)]

Js 4 of ol LU A 270 1 g2

rl 1 5
Fr(r)=2= ’ I(7, )Py () dp =2 [_E Iy(7) + gfz("') + 13(1')]

Therefore, we can get the solution

i F_(T) i [ (Pl_el fpi'_'-'?;; fpg_fg {:93_54 i -Zl_ I
F~(7) dTe, dfe, Pre, dje Zy
Pl iR it T B el
F™(7) PLE. P16 P26 P 4
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Cloud radiative transfer for solar radiation

a) two layer

The four principles of invariance governing the reflection and transmission of
light beam

U, ) = R, (m, ;LU)EXP( ” ) R 5 (s YD (', g ) dpd

1 4DDA

Do) = Ty(loi) +2 || R us W)U iy

@

T

0

1
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>
D(u, i) EXP(-i J= L Ty (s YD (1, )’ dpt’

1
U(p‘,._, .\U*{_}) iF Rz (,bt-. P"‘u)e_’rlj“” +2 L} RZ(JU“: #I)D(P‘!a .[*['[;L);LL'|r dﬁ;

1 A4SDA
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R, 5 (e, ) = Ry (e, ) +2 L T, kU, o) dp I P(u)P,(u)du = 0
orthogonality

1
Ty 5 (s 1) = Ty (g, prg)e™ ™4 + ZL Ty (p, ' )D(', o) dp



Cloud radiative transfer for solar radiation

We multiple 2P (u)du in both sides of the above equation and do integration from 0
to 1. Also we multiple 2P;(u)du in both sides of the above equation and do
integration from 0 to 1. Then, we can obtain

U(y) = Ry (mg)e™ ™0 + R, D(u)
D(kg) =T, (1) + R{U(k)

R, (1) = Ry(kg) + T7U ()

T, 2(1g) = Tyg)e™ ™o + T,D(u)

We get the solution

U(p,) = (E = R,Ry) ™[Ry (my)e™ ™Mo + R, T, ()]

D(g) =Ty (k) + RF(E - ﬁzﬁf{) X [Ry(pg)e™" Hy 4 R,T ()]

R (k) =Ry (k) + TT(E = ﬁzﬁf{) X [Ry(pple ™ ko + Rle ()]

T, ,(my) = TZ(,uﬂ)e—fH% + T, Tilpg) + T, RHE - ﬁzﬁ;ﬂ)‘ X [R, (#u)f_““‘“ + R, T, ()]



Cloud radiative transfer for solar radiation

b) multi-layer

U 1(kg) = [E— ﬁmmﬁfk]_l

T

T
R, (k) exp(—#—) +Ry. L;"v’T'Lk(H’[])]
0

X

Dy 1(mg) =Ty () + ﬁf& [E - ﬁmwﬁfk ]_l

X

Tk -
R 1v (1) EXP(_“_H) T RRH,NTI K ':“'u)]

Then, the flux is
|
Fri1 = mpFom-U, ()

-
L s
Fpiq = moFor- Dy () + o F EKP( —)

Ho
Zhang et al J. Atmos. Sci., 2013b



Cloud radiative transfer for solar radiation

Comparison results and discussion

a. Double layer o =w =09 & =0.837and g, =0.861

& -ODDA reflection 5 -2SDA

04 06 08



Cloud radiative transfer for solar radiation

Comparison of upward flux at TOA and downward flux at the surface (W m-2) for
the four adding schemes. The aerosol optical depth 0.1.

Mo 5-128S 8-2DDA 5-2SDA 5-4DDA 5-4SDA

F' (TOA)
1.0 260.88 261.85 (0.97) 266.28 (5.40) 259.34 (—1.54) 260.71 (-0.17)
0.5 154.93 154.05 (0.88) 155.95 (1.02) 155.02 (0.09) 155.85 (0.92)
0.25 96.54 92.30 (—4.24) 92.96 (—3.58) 95.63 (—0.91) 96.11 (—0.43)

F* (surface)
1.0 1157.96 1157.71 (—0.25) 1150.55 @) 1159.42 @ 1157.44 (—0.52)
0.5 522.60 526.07 (3.47) 522.78 45 522.10 (>0 522.00 (—0.60)
0.25 22132 228.83 @ 227.50 (6.18) 222.47 (1.15) 222.82 (30D

TS S——— TS———

The results of efficiency for 0-2DDA and 6-4DDA are shown. The inverse matrix
method used in the Fu—Liou model (Liou et al. 1988; Fu 1991; Fu et al. 1997) 1s also
used to solve layer connection in d-two-stream DOM scheme (denoted as 9-2DOM)
and 1n o-four-stream DOM scheme (denoted as 0-4DOM). Normalized to the o-
2DOM method. Gaseous transmission and cloud absorption are included in
'radiation model', but not in 'algorithm only'.

Radiative transfer timing 52DDA (5-4DDA) 5-2DOM (64pDOM)
22

Algorithm only 0.96 : 1.0 6.6
Radiation model 1.0 1.8 1.0 42




Atmospheric General Circulation Model of
the Beijing Climate Center (BCC_AGCM2.0.1)

Table 1. Global annual means of simulated total aerosol shortwave DRESs for the year 2000 (unit: W m~2).

All sky Clear sky
TOA ATM SFC TOA ATM SFC
Base -2.01 2.15 -4.20 -4.49 221 —6.69
6-4DDA —-2.21 (10%) 2.59 (18%) —4.80 (14%) —5.21 (16%) 2.74 (24%) —7.95 (19%)
5-4SDA -2.17 (8%) 2.51 (15%) -4.68 (12%) —-5.10 (14%) 2.61 (18%) =771 (15%)

TOA, ATM, and SFC represent top of the atmosphere, atmosphere, and surface, respectively. Values in parentheses are relative differences in aerosol
shortwave DREs between two- and four-stream algorithms.

(a) 4DDA (TOA)
04 T

[ HETro
03+ mMid

\ (b) 4SDA (TOA)

0.3 ¢

ETro
EMid
WHig

All sky Clear sky All sky Clear sky
(c) 4DDA (surface) (d) 4SDA (surface)
0.4 0.4
ETro ETro
0.3 1 B Mid 0.3+ EMid
W Hig mHig
0.2 1 02

0.1

Clear sky

0.1 4

All sky

Clear sky

Zhang Hua, Zhili Wang*,
Feng Zhang, Xianwen Jing,
2015, International
Journal of Climatology



@Cloud radiative transfer for Infrared radiation

Introduction

» Solving the radiative transfer equation (RTE) is a key issue when
dealing with radiative processes. For infrared radiation, an absorption
approximation (AA) is used in most current climate models (Oreopoulos

et al. 2012).
» Studies have shown that AA leads to larger errors in cloudy sky cases.

Conversely, if scattering is considered, we need to use the discrete-
ordinates method (DOM) and the calculation process 1s complicated.

» The aim of this study was to develop 4DDA and VIM to establish a
more efficient infrared radiative transfer method for a scattering medium,

whose accuracy would be comparable to that of DOM.



(Cloud radiative transfer for Infrared radiation

Infrared radiative transfer equation

single-scattering

albedo
I(7, !

@I -0~ D)LY 1D
cosine of radiative the Planck azimuthal in-
zentih angle intensity function at optical dependent phase

depth T function

It's an integro-differential equation and it has no exact

solution.



K Cloud radiative transfer for Infrared radiation

1.Absorption Approximation (AA)

In absorption approximation (AA), the scattering phase function

P is simplified as a o function, and the infrared RTE becomes

u (;;”) — (1~ 0)I(7, 1))~ (1 0)B(7)

So the upward intensity at =0 1s
l-w

1(0, ) = I(z,, p)e "
(0.40) = (£ 0 it

[BO . Ble—(l—a))z'o/u]

And the downward intensity at t=t; is
l-w

1(z,=40) = 10~ +
up—-1+w

[Boe—(l—w)fl/ﬂ _B1]




@Cloud radiative transfer for Infrared radiation

Variational Iteration Method (VIM)

For a general nonlinear system:

a nonlinear term

Lo @<

a linear term an inhomogeneous term

If U (%) 1s found 1n n-th iteration, the (n+1)-th-order n solution 1s

a restricted variation, which
equals to 0 after variation

0" () =0 () + UL )+ NG ()W

a general Lagrange multiplier, which can be
identified by using variational theory



(Cloud radiative transfer for Infrared radiation

For the infrared RTE
dl (7, @ ¢l , , ,
S 1y - (- 0)B@) - L[ 1 1) P

The functional reiteration can be deduced as

.l ; T dl"(s,tp) _ I"(s,x l-w
R I e L0

@ ' '
£ 2 f(iﬂ,u \du'1ds
2p

The AA expression can be used as the initial Oth-order solution,

and the scattering effect is included in the first-order solution



(Cloud radiative transfer for Infrared radiation

a. Single Medium

\\\\\\\\\\\\\\\\\\\\

Downward emissivity

©=0.7105, g=0.9044

0-2VIM

0-2VIM is similar
to 0-2DOM 1n the
small optical depth
but more accurate
than 6-2DOM 1n the
large optical depth.

0-4VIM and o-
4DOM are much

more accurate than
0-4AA.



Cloud radiative transfer for Infrared radiation

b. Multilayer atmosphere

15'I --------- | I Lo s oo L L [FEET1 PERT] PERTI PEUT] PR PTE R TR RO 1 1 1 1 1 1 1 1

1(g) /) h) | -5 1 TV
TEJZ',- E (b) L -SDOMf ( ) E‘ = 54DOM |
% 91 F il —82VIM —06-4VIM
= -] Highcloud
T I
@ 67
=

3]

0; |

-38 -2 1 0
15-]' 1 1 [ 1 Ii 1 1 1 1 1 .I [ 1 [ 1

1(7 k ! 0-2AA ' S-AAA
,glz;- (]) (k) L --SDOMf (D L ~54DOM  §

| —0-2VIM —3-4VIM
=9 Low, Middle : /

w | and High Clouds k
o 6, S L] i — i -

! wrd : b Tl

3 [ 5

: i ]

| T i anaaaas S s st T e s aaaa o

-650 40 20 0 20 -12090.603 00306091215 -1.20.90.603 0 030.60.91.21.5

Heating rate (K/day) Heating rate error (K/day) Heating rate error (K/day)



(Cloud radiative transfer for Infrared radiation

Efficiency

Computing times of various infrared radiative transfer methods (normalized by

the computing time of 0-2AA)

0-2AA L-ZDOM 0-2VIM | 06-4AA L—4DOM 0-4VIM

Algorithm 1.00 2.22 2.04 1.44 14.82 5.36
only
Radiation 1.00 1.41 1.38 1.11 5.90 2.27
model

6-2VIM is slightly faster

than §-2DOM 6-4VIM is more than

twice as fast as 6-4DOM

Zhang et al. J. Atmos. Sci., 2017



Q Vertically internally inhomogeneous Cloud
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Q Vertically internally inhomogeneous Cloud

Represent the vertical
variation of LWC and R, by
using linear expression as
following:

LWC=LWC,+A*Z
Re=R.o+A*Z

I mie | Expressions of single scattering
| Scatterin | > albedo and asymmetry factor: |
O w=w,+¢& (e —e “'?
l'l--l--l--l 0 ol —ayr _azfo/z)
|_Regression | |g=8+&,(e™ —e )

Multi-layer radiative
transfer solution
considering the vertical
variation of LWC and R,

«—

| Perturbation

Delta-Scaling

v

Method I

Single-layer radiative

Radiative Transfer

<€

transfer solution considering

| Adding | | the vertical variation of LWC | Eddington I
I Method | and R, | Approximatio |

n

F+

o

Fif + e Fm +e,F5,

Fo ke By e .

dF"

dr

Equation considering the
vertical variation of LWC
and R,

_ [710_’_7/113@ (e—ar _ e_mo/z)-i‘)/lzé‘g (e—br _ o2 )](E)+ tF'e. +F2+6'g)

yé)_i_y;gw (e—ar _e—ar0/2>_|_7/228g (e—br _e—bro/2 ):|(E)_+Fi_gw+}72_gg>

[ A~ - —ar, /2 A - —b1,y/2 —
_0)730 +756,(e " —e ) +ayie (e —e )]F;e 1 Ho



QVerticaIIy internally inhomogeneous Cloud

e o0t 1. Idealized medium
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Zhang et al. J. Atmos.
Sci., 2018



Q Vertically internally inhomogeneous Cloud

The accuracy and efficiency of the new radiative transfer scheme :

B Simulating Description

Name Benchmark Homogeneous Inhomogeneous
Atmospheric The midlatitude winter atmosphere with a subdivision of 400 layers
Profile each of which having a geometrical thickness of 0.25 km.

Cloud Location

Vertical Resolution of
Cloudy Area

LWC within Cloud
(g m3)

R. within Cloud
(um)

100 layer

0.245+0.00003z
where z varies 0 -
1000 m

4.39+0.003z
where z varies 0 -
1000 m

1-2km

4 layer

0.248, 0.256,
0.264,0.272

4.77,5.52,
6.27,7.02

4 layer

0.245+0.00003z
where z varies 0 -
1000 m

4.39+0.003z
where z varies O -
1000 m

Height (km)

Height (km)

[

Li

2

24025 026 027 028

quid Water Content (g/m?3)
FEET] FRRTY FEETE FYT FUETE FYeT IeeT

v

253

—

Effective Radius (um)



QVerticaIIy internally inhomogeneous Cloud

[ MU I U I B L[;yurever L T | PRTTPTITY
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Shi, Zhang*al

Heating Rate (K/day)

Optics

Express. 2019

Heating Rate Error (K/day)
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Impact of four-stream adding method on
cloud radiative effects in climate model

‘BCC_AGCM2.0.1
*Run Time: 1975-2010, last 30 years for analysis

shortwave 3-2DDA—CERES Iongwave
PRI NS TN EPUNE (U NP B ST S | ek P PR

90N R g i
BOMN — o St 7 60N —
30N — 30N —

0 0 —
308 — 30S
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208 908 T T T T T T T T T T T
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60 50 -40 -30 20 10 0 10 20 30 40 50 60 28 -24 20 -16 -12 -8 ~L l 1 els 112 16 20 24 2|a |
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Yang, Zhang*al JQSRT., 2019
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km

=

Height

DCS identification

(a) Cloud type defined by AHI cloud product (2016-08-07 04:50)

40°N
30°N —
100°E 120°E 140°E
(b) Cloud type defined by AHI cloud product
(c) Cloud type defined by split window algorithm
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