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FAQ 1.1, Figure 1. Estimate of the Earth's annual and global mean energy balance. Over the long term, the amount of incoming solar radiation absorbed by the Earth and
atmosphere Is balanced by the Earth and atmosphere releasing the same amount of outgoing longwave radiation. About half of the incoming solar radiation is absorbed by the
Earth's surface. This energy is transferred to the atmosphere by warming the air in contact with the surface (thermals), by evapotranspiration and by longwave radiation that is
absorbed by douds and greenhouse gases. The atmosphere in tumn radiates longwave energy back o Earth as well as out to space. Source: Kiehl and Trenberth (1997).

IPCC-AR4 (2007) BSRN (A. Ohmura)

The radiation transfer equation HHEESREL 4

e Optical thickness: d7= -edz
e Single scattering albedo: w= s/e
e Scattering angle: @

dL(Q) = —edxL(Q) + sdx j P(Q.Q)L(Q)IQ + adxB(T)
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Radiative transfer equation for a plane parallel atmosphere
FETFAAROBGHEELTRER

e Optical thickness: d7=-edz fi%‘gﬁ; JLAR
e Single scattering albedo: @= s/e ARELA
o Scattering angle: @ dl=dz/u
dL Ty 1 ,2” ’ ’ ’ ’ ’
P e .00+ 0 [du [ doP(up 0~ 6L 9+ (1= )BT
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—0
T

cos®=0Q-Q’

= cosB cosO’ + sinBsin 6’ cos(¢ — ¢”)
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4. Transfer of Thermal Radiation




Transfer of thermal radiation

®=0 for A > 4 pm in cases other than cloudy atmosphere

e TOA radiance and black body radiances at various temperature(Goody and Yung,
1989)
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Remote sensing of temperature
e Weighting function
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Tiros Operational Vertical Sounder/HIRS
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Remote sensing of temperature profile

e Use of infrared radiance spctrum
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High resolution spctrum
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Gas absorption line and band
E=E,+E +E +E

e Water vapor: 0.7,08,09,1.1,14,1.9,2.7, 6.3, rotation
o CO2 :20,2.7,43,15
e O3 : UV,0.76,9.6, 14

p T,.,
aL(p’ T ) = aL(p07 To)p—o(T_)
7 Sy
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Light absorption bands of molecules
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Polar clouds over snow

e &(3.7um)- (10um)
e Cirrus
> €(10pm)- €(11um)

Yamanouchi et al. (JIMSJ1987)

14
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5. Radiative Transfer in Optically Thin
Atmospheres

KEITTENVKRICEIT S EMEE

Solar radiation transfer (B=0) in the Clear sky atmosphere
(Optically thin atmosphere)- Direct radiation (E2E8)

dL > > i lzﬂ ’ ’ ’ ’ ’
u(z—f‘“p) = —L(t.1.0)+ 0 [ di’ | d'P(u. i’ 9~ ¢ L(T. 1 §)

L=L"0")+L"(@")+LP@")+..

Non scattering, single scattering, multiple scattering

(0)

L?(6,9)= Fye """ 8(60—6,)5(¢ — ¢,

L,(0,0) = F,6(0—6,)(¢ - ¢,) :
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Solar radiation transfer in the Clear sky atmosphere (Optically 17
thin atmosphere)- Single scattering radiation (—/RB{EL L ET)

LO(1,0,¢)=e"" F,6(0—6,)5(¢— ,)

dI(z.9, | S , 70
y Esz D o 1@.0.0)+ 0 dp [ dePL 0~ 9L (7.0.9)
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JALE10) (A ﬁ
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Solar radiation transfer in the Clear sky atmosphere (Optically 18
thin atmosphere)- Single scattering radiation (— /R B ELHLET)

L(T,‘u,(p) = L(TO ’u’¢)e—(1—fo)/u + l J J(T,,Ll,@e_(f_t)/“dt
M2,

J(T,1,0)=0P(, Uy .0 — ¢0)e_1/u0 k

-7/l _e—r/u
L1 (T,+,U,(P) = G)FE)P(+‘LL,,LLO ’(P - (Po)
1- H / Ho
/ 1_ e—r(l/,u+1/,u0)
L1 (O,_‘U,(D) = L(TQ ,,LL,¢)€_(T_TO) K + (UE)P(_‘U,‘LLO ’¢) - ¢0)
1+ 0/ u,

T<<1

2nd term = lCOII'TOP(i,U,,Lto H—0,)
u




Thin atmospheres

e Molecules and aerosols in the shortwave region
e 2 wavelength problem (color ratio)

u>0, L= ﬂp(@)E) Reciprocity principle
]

H<0, L="P(O)F, +L, p= i WTP(©)+ A,
yl || gt

P> _ ®,7,F,(0) 5

pl w1T1])1 (6) 7:1 2’1
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Comparison of Aerosol optical thickness (AOT)
from MIROC-GCM and two satellites (GLI
and MODIS) (Nakajima and Schulz, 2009).

TERRA/MODIS (NASA/GSFC)
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10 Day Composite of ADEOS / OCTS Retrievals
November, 1996

Aerosol Optical Thickness at 500 nm

0.5

Angstrom Exponent
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Latitude

9) Atmospheric correction and Land PAR

File=A2GL 1030601 -gmaAvm=-c121-2880-1441, RGB image
90

22

75

60

=60
-75

=90 Z#. Only Rayleigh
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Longitude

= By using GLI 380nm channel, we can estimate aerosol scattering.

After the 380nm
correction

Courtesy: H.Murakami (JAXA)




Global monitoring and simulation of aerosols
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e Model underestimation of AOT

Nakajima and Schulz (FIAS2008)
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Angular scattering cross section

e Sky brightness distribution (RZEREEE 73 71): L(U, Uy, -@,)
e Direct solar irradiance (KIFEZERE) : F,
e Scattering phase function (BXELLFEREEK) : P(O)

L=~22P@©,)F,
u

wTP(©,) = sdzP(©,)=C. NdzP(©,)

2mr
o,0.m), o=——-
sca( ) A{

anP(@-i-)’ Qsca (06,7/71) — n(r) Inversion problem of size distribution
dv dr RERMERDHDE (RER) BRE
v(nr)= = n(r)
dinr 3

wTP(0,)= Tdrn(r)ﬂer
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The averaged optical properties of various aerosol types
Dubovik et al. (2002)

Urban/industrial Aerosol Biomass Burning Desert Dust
—¥»—GSFC —v— Amazonian Forest —— Bahrain/Persian Gulf
- —a- - Creteil/Paris - - - - South American Cerrado - -#- - Solar Village/Saudi Arabia
—e— Mexico City —o— African Savanna —&— Cape Verde
Mixed Aerosol ---#--- Boreal Forest Oceanic Aerosol
----#--- Maldives (INDOEX) —-»--Lanai/Hawaii
1.00
g 095
@
2
< r S
g 0.90 ol Sy
8 0.85[ -
O ol O
(7] F _ —o6— n=155 ]
e [ —»—n=139 —v—n=1.47 \ @- - n=156 ]
2 ggof - -A--n=1.40 --A--n=152 \ —8— n=1.48 .
» @ F —e—n=14 —o— n=1.51 o —-w-- n=1.36 b
[ -—-e--n=1.44 #--- n=1.50
0.750 1 1 1 1 1 | 1 1 1 | 1 |
0.44 0.67 0.87 1.02 0.44 0.67 0.87 1.02 0.44 0.67 0.87 1.02
Wavelength (um)
0.30 T ey
[ ——a=190 —v— =195
025 ——A--a=1 80 --V-- < —18§
« [ —e— o =1.80 —o— a =195
E E - =155 e 0= 1.96
= 0.20
&
E
14
£
g
>
T
Radius (um)




Early 80s situation 21

Heavy
Manual
Difficult data analysis

SKYNET
Sky radiometers

e e e

IMD in New Delhi, March, 2006, Kazuma AOKI




29
Angular integrations of the phase function
e Legendre polynomial expansion
e Asymmetry factor
> g: 0 (isotropic), 0.6-0.7 (aerosols), and 0.8-0.85 (clouds)

e Forward and backward scattering fractions

e Up and down scatter fractions |
P(cos(E))zLZ(2n+1)gnPn(cos®)z L(1+ 3gcos0) - Q -

24— 4r FO /N

cos©, =+t ++/(1— t*)(1— ) cos(d— @, )

jdcos@fd@P(cos@)zl b 0
711 20717 Q 7/_
jdcos@_[d@cos@P(cos@):g Q\D t
B Ol 2r f
1 3

7. () = j du£d¢P<cos®i>—5<1i5guo> 1
f=jdcos®jdq>P(cos®)=l(1+§g) P(O) Y

J J 2" 2 7
b=1-f g>07—> f>1, b<O0!
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Flux transmissivity and reflectivity

e Unidirectional flux transmissivity: #(t,)
e Unidirectional flux reflectance: r(u,)
e Spherical reflectance: <r>

yu=cosf, u,=cosb,

m=1/u, my=1/u,

(m+my)T <<1

L=e ™ (U~ py)o(9 — @) Fy + otmP(+1L, .9 — @, ) F,

1 2r 1
()= fd¢£duuL(u,uo,¢—¢o)

of'o D
2r 1
=e ™M + wTm, J. d‘l)J.d,UP(@) =e " + wtmyy, () =1=myT[1 =y, (1,)]
0o 0

r(U,) = wtmyy_(U,) O
n(uo>=!du!dw(cos@i)%aigguo)




Radiative energy budget (B8N )
13
t(Uy)=1—myt[1- w§(1+5g,uo)]

1 3
r(.uo): wTm,, 5(1_5g.u0)

1 3 1 3
t+r:l—mOT[l—w§(1+5g,uO)]+an'm0E(I—Eg,uo)

=1-m;7(1-w)

31

t+r+a=1

w 1 w 0.9 w 1

g 0.5 g 0.5 g 0.6
tau muO t r a t r a t r a
0.00 1 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000
0.05 1 0.994 0.006 0.000 0.989 0.006 0.005 0.998 0.003 0.000
0.10 1 0.988 0.013 0.000 0.979 0.011 0.010 0.995 0.005 0.000
0.50 1 0.938 0.063 0.000 0.894 0.056 0.050 0.975 0.025 0.000
0.00 0.5 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000
0.05 0.5 0.969 0.031 0.000 0.962 0.028 0.010 0.973 0.028 0.000
0.10 0.5 0.938 0.063 0.000 0.924 0.056 0.020 0.945 0.055 0.000
0.50 0.5 0.688 0.313 0.000 0.619 0.281 0.100 0.725 0.275 0.000
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Spherical albedo (Planetary albedo)

o IRERGTER(RERFE)

1 21 1 2r 1 2r
7= [ du, [ dgyr(uouF, | [du, [ dgyuoF, = [ du, | doyory (1) /n
0 0 0 0 0 0
1

3 1 3 1
=m£duo<1—5guo>=2arc5<1—Zg>=r<5>
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Atmosphere-Earth’s surface problem

e Principle of reciprocity (FURE)

L o
L= @tmP(— . § = 0)Fy +— 1 (AU =AY 1" ()1, Fy

p=TL i 0TP(© )+ t()AQ + A (1, )

Mo Fy
~ I |
t(Uy)=1-t(u,)t, r= r(E)T

N 1 3 . 1 3
()= mol1 =0 (14 5 gl #(1ty) = myo = (1= gty

R ~ A1
p=rmmmWTP(O_)+A—-[t(u)+t(U,)— r(E)A]AT
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Reflected radiation from a thin atmospheres (Detailed)
e Neutral reflectance: deriving ®
dp N N .
— =mm,WP(O )—[t(u)+t(l,)—rAJA=0
drt
A<<l tau 0.1 0.1 0.1
_ Tmmy,P(cosO_) w 1 0.9 0.8
" f(‘u) + ’/T(.Uo) g 0.7 0.7 0.7
m0 2 2 2
m 1 1 1
gam(mu0) 0.763 0.763 0.763
gam(mu) 1.025 1.025 1.025
t"(mu0) 0.475 0.628 0.780
t"(mu) -0.025 0.078 0.180
P 0.02 0.02 0.02
rho, path 0.013 0.011 0.010
An 0.279 0.160 0.105
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Equation for the planetary albedo

e Averaged radiation field for the planet

Oy = %(global average)

= E(daytime average)

=~
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Earth’s reflectance in the clear sky condition

e Flux reflectance
e Planetary albedo

p = Tmm,wtP(O_) + t (L)t (L, )A,

Eef 1 2r 1
() == | duujd¢[mm0anP<®_)+;r(u)r(uomg]
0 0

070

1
rAL(.uo): r(”o)"'t(a)t(:uo)Ag /

dS = 2mr, sin@,r,.d0, = 2rr;du, 6, Latitude

s, (wou, Y o N
r, =3 = 2£du0r(u0)u0 = AL(E) / -0~

2
miF,




Shortwave radiative forcing of aerosols

n |
t(My)=1-1(u,)r, 7=r(§)r

N 1 3 . 1 3
t(.uo)Emo[l_wE(l"'Eg.uo)], r(U,) = mowa(l_gg.uo)

p = tmm,wtP(©_)+ A—[f(u)+1(U,) - f(%)A]AT

. A 1
A=007 =71, =r(U,)T+A-2t(U,)AT, U, =5

Ar, = {F(ly) — 2t (U, )AYAT

AMERREI7aYILIC
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e

%1\5 A —A— (Charlson et al.,

R 1992)
®=1-7(ty) = F(l,)
Ar, = (1, )(1-2A)AT g 0.60
Charl 1. (1992 gam- | 0.28
arlson et al. ( ) fau 0.04
AF; =—(1—n)Ar,mr; | 4or; n 0.60
= 2(1- 1,2 (1- APy (14 )ATQ Tu 0.76
F ° A 0.15
Q:ZO,AT=0.04, AF, =-13W /m? ARF -1.26
S. Fukuda (2006) 38
L—) —fIE & Hh R m R 5 3
2003448
05 | Hy A\ i
g 0.3 - —}77\/‘:/

wavelength
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