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Åꜘ Ї ꜠ ꜠ ԓ

Ѓ1TW = 1012 W ЄЕ

V ῇ = 173,000 TW

V = 122,000 TW

V2019 ָҿ  = 1,500 TW

V2024 Ὴ (IEA ) = 20 TW

     

Å ᵫᴶ └ ?

Å ᵫ ᴶ └ ?

Å Ӑ ᵫ ֢ ?     
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(radiation): 
Åtransfer of energy in the form of electromagnetic waves  
Å ב , Ҳᴶ ҿ3x108 m s-1

ᴶ (conduction):
Åtransfer of heat from molecule to molecule nearby  
Å ב
Å - Еה ᴶ Ѓ Є

(convection):
Åtransfer of heat by a mass movement of the fluid
Å ב
Å װ ҩ ᴶ └
ү Ї ⅎ
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ÅЃ Є ᵩ: Ὴ Ї ҿ1ɼ

Å ᵩ ֬ (radiance, W m-2 nm-1 sr-1)Ї ᵣ ɻ ᵣ ɻ
ᵣ Ὺɻ ᵣ ᵩ Ὺ ₴ Е

ὄ Ὕ
ςὬὧ

‗

ρ

Ὡ ρ
h: ᾫ Жk: ῞ Жc: ᾩ Ж‗:

Å ᾫ 1900 ῇ ₴Ї
ғ ɼ
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Å Ї ꜘ ɼ

Å ᵩ Ί ҅ү ẅ ɼ
Ї ẅ ꜠ɼ

Å ᵩ ɼ ᾫ
ү ᵩ ⅎЇ └ Е
Ὂ “ὄ Ὕɼ

Å ᾫ ᾩ
ᾩ ɼ

҅ mҿⅎ‘4װ Ї ҿ
Ѓshortwave radiation, SWЄЇ

ҿ Ѓlongwave 
radiation, LWЄɼ

љ5800K
ẅ 0.5‘m

Ҳ 0.17-4.0 ‘m
װ ᾩғ ҿӀ

֬ ֬

љ288K
ẅ 10‘m

Ҳ 3.5-83.3 ‘m
װ ҿӀ
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üה ᾫ ₴Е

1893

1879

=̀ 5.67×10ҍ8 W mҍ2 Kҍ4 - ῞

Ѓ ⅎЄ- ῞

ᵣ

Ὂ „Ὕ

‗ ϳὥὝ

a = 2897.8 ˃ m K
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Ѓ Є ᵩЕ 100% Ї ҿ1ɼ

ᵩЕ Ғ ⱵЇ ҿ ҅ ԓ1 ɼ

ᵩЕ ԓ҅ ᵩЇ ԓ1Їҙ ɼ

Åה Ї ᵲ ᵩЖᵜ ԓ Ї ᾩ ɼ

Å 1Ж Ї ҿ
0.95 ᵩЇӤ ҿ ᵩɼ

Å Ҳ ⅎΊ Ї ⱵҒ Ї
ᵩɼᵜ ҿԋẦ ᵆ ЇẐ ҅ү Ї

ᵲ ᵩɼ
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Å Ї ᵩЇ ҅ Ї∑ Ӥ
Ж ҅ Ғ ЇӤ Ғ ɼ

ÅKirchhoff 1859 Ⱶ ԋҏ Е Їᴑᵫ ᵩ

₴ Ӑ Ї ԓ Ѓ Ґ ᵩ ₴ Єɼ
ɼ

Å ԓ ᵩ ₴ ᵩ ₴ Ӑ ҿ Ї = ɼ

Å ᵩ Ⱶ Ⱶ Ї ᵩ Ⱶ
Ⱶғ ᵩ ɼ

Å ԓᴑ ᵩЃ ᵩЄЇ Ї Ї װ
Ї Ὶ ᾩ ɼ Ї ᾨ

ɼ

QЕ ԓ К
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ὃ (absorptivity): ᵩ ғῇ ẅɼ

Ὑ (reflectivity): ᵩ ғῇ ẅɼ

Ὕ (transmissivity): ᵩ ғῇ ẅɼ

ὃ Ὑ Ὕ ρ

‐ (emissivity): ᵩ ғ ᵩ ẅЇӤ Ȃ

ὃ ‐

҅ ‟ҐЇװҏ ғ ɻ ῗ
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SWRЕshortwave radiationЇ
LWRЕlongwave radiationЇ

Ԝ
ᵩ
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Å ҅ү ᵣЃ Є ᵣ Ї ᵣ
└ ῇ ɼ

ÅẐ Ї ԓ ᴶ ҏЇ ⅎ Ѓ
ЄҿὛЇ∑ :  Ὂ ɇτ“ὶ Ὓɇτ“Ὠ  , Ὓ  ρσψρ ὡ ά ɼ

ʉ ɻ ԓ װ ʊ

Å Ὓ  ρσφρρσφχ ὡ ά  ɼ

ÅὛ ҏ ⁯ɻ ԓ ɼ

Ὕ υͯψππὑ

ὶ φȢωφρπά

ὶ φȢσχρρπά
Ὠͯ ρȢυ ρπά
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Ғ ⅎɻҒ ᴶ
Ὴ

ⅎ

ᵩ ẘẘ ẘẘ ẘẘ O

ẘ ẘ ẘ O

Ԝ ẘ ẘẘ ẘẘ O

ẘẘЕ ЖẘЕ ЖOЕ Ғ

ԓ2023 8 24 Ї ש
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ω҅ү Ѓ ⅎ ɻ ɻԜ ɻ‚ ɻ Є ῇ
װ ɼ

ω Еῇ ᶕ ⅎ Ѓ ɻ
꜠ ɻ ꜠ Є

ς Е ᾩ ɻᾩ ɻ ҏ ɼ

ς ꜠ɻ ꜠ Е ⅎ Ὺ Ể Ѓ Ể Ї ԓ ꜠
Ể Є ‟Ґ ɼ

ς ԓ ꜠ Ї סּ ᴼ

ω Еῇ Ї ᴶ Ї
Ғ Ὴ ɼ
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https://en.wikipedia.org/wiki/Raman_spectroscopy
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86̓́ Ґװ Ӏ ⅎ

Å ⅎҲЇΊ ᵩЕN2, O2, O3, CO2, CH4, N2O, H2ɼ

Å Ҳ 1% ЃH2OЄЇӤΊ ɼ

Å ֙ⅎ ” ԋ Ї” ԋ
ᾩ ᾩ ɼ
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ᾩ
ẅ

Е8-12 m˃
ẅ

Ί ҅
ⅎ Е

ⅎ ꜠
ԝ
ꜘ Ѓ סּ

ᴼ Єɼ

11kmЃ
Є ⌡К
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Gas mixture Surface 

temperature [K]

Total atmosphere 288.2

Atmos without 

water

275.5

Atmos without CO2 277.7

Atmos without 

water and CO2

264.2

Atmos without 

CH4

287.7

Atmos without 

GHGs

255

H2O
12.7 CO2

10.5
CH4

0.5

ҏ ᵩ Ӎ̙־
ᵩЕH2OЇCO2ЇCH4ЇO3ЇN2OЇCFCs

Å ᵩ ɼ

Å Е ᵩЃ ɻ Є
Ї

ꜘ Їᶕ ɼ

Å ᵲ ɼ ᾡ
ᾩ ЇᵜҒᾡ Ѓ

ЄЇᶕ Ὺ
ɼ

Å ᵩ ⌡К

Å ᵜ Ї ғ
⌡Е ԋ Ὺ
֢ Їᵜ Ғ

֢ ɼ
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ғ ( ᵣ) 0.723 1 1.5

0.75 0.29 0.25

(K) 232 255 213

(K) 750 288 223

Ӏ ⅎ CO2 (96%), 
N2 (3%)

N2 (78%), O2 (21%), 
H2O (0-4%), CO2 (0.04%)

CO2 (95%),
N2 (3%), Ar (2%)

(105 Pa) 90 1 0.007-0.010
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https://en.wikipedia.org/wiki/Raman_spectroscopy

Elastic 
scattering К

ғ
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https://zhuanlan.zhihu.com/p/33472940 https://m.sohu.com/n/464038572/?_f=m-article_ch
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ü ɻ ɻ ɻ ɻ ῗ

üҿ Ї Ї ҿЕ

ὶ

‗

ά= άὶ  ὭϽ άὭ

ï ὼ<< 1

ï 0.1 < ὼ< 50

⌐ (Rayleighscattering)

(Mie scattering)

₉ᵫᾩï ὼ> 50

ü ҏ ҏ

ὼ= 2“ὶ/‗

ü ғ ῗ Е



⌐  Rayleigh scattering
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ÅRayleigh (1842-1919) ҿᵫ ү
₴ ɼ

Å1871 Ẑל , ԓᾩ ɻ

ЇῚ ԓ Ї ᵩװ Ї
₴ԋ ҿ ⌐ ɼ

Å1899 , ⌐ ԋװ Ї Maxwell └ԋ

ɼ ⌐ ᵲ҅ү ꜠Ể Ї
ԓ ⅎ (ὼ ρ)ɼ

V ᾩ 4 ɼ

V ῇ ᾩҿ ᾩ Ї╦ ⅎ Ї ᾩ
90̄ ₉ӓ Ὴẘ ɼ
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ὗ
 

ὼ ϳς“ὶ‗

ü ὗ ҿ ғ₉ᵫ
ẅɼ ὼ Е

V ὼ Ї ⌐ ҅ Їғ

V ὼ Їғ ῗ

V ὼ Ї ῗ

ü Ғ Ї ὗ ὼ 
꜠ Ї ԓ 2Ї
₉ᵫ ԑṖ

ü Їὗ ҏ ꜠
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ῇ ᾩ

25ɕ65ɕ

0ɕ

╦

⌐
└

ἥ ᶡ

ü ὼ Ї╦ ᾩ ᾩҲ ẅ ɼ

ü Ғ 0 ╦ ᾩ ҏҒ ῇ ᾩ ẘ Ж ῇ ᾩ ᾩ Ї
ᾩӤ ẘ ɼ ᾩẘ ₴ ҿ 85̄ -120̄  Ӑ ɼ
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ὼ  ρππ
ὼ  ρπ
ὼ πȢππρ

‗  πȢυ ‘ά

K. N. Liou

Glory ᾩ

Rainbow 
Corona 

Ѓ Є

⃰
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Ԝ

Ԝ 0.92

Ԝ 6 kmװҐ
Ԝ

0.86

ҏ Ԝ 0.29

ҏ Ԝ Ԝ 0.69

ҏ Ԝ 0.60

ҏ Ԝ 0.42

Ԝ 0.74

ҏ Ԝ 0.36

ҏ Ԝ 0.32

ωԜ ɻԜ ЇԜ

ω Ԝɻ Ԝ Ж Ԝ



31

֪ ҏ

ü Ѓ Є Ҫ Ї Ґ ɼ

ü ԓ ┼Ї ҏ ԓ ╣ ᵲ ɼ

ü ү╣ ᵲ ԓ ֥ Їғ
ɻ ɻ ɻ ɻ Ѓ Є ῗɼ
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 * 0.06-0.08

0.13-0.15

0.10-0.18

0.12-0.18

0.16-0.18

0.15-0.20

0.20-0.25

0.25-0.35

‚ 0.50-0.70

>0.80

* Ғ Ể Ѓ sun glintЄQЕҿ־Ӎ҅ ‟ҐЇ К



 Planetary Albedo

34

Å ῇ ᶡɼ

Å ” ԋ Ж ╦Ὴ Ὴ ẅ ҿ 0.29ɼ

Å Е ɻԜ Ѓ Єɻ ⅎ Ж
ғῇ /₴ ῗɼ

QЕ ֙ Кҿ־ӍК
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ÅẐ ҿ҅ү ᵩЕ Ї װ Ὕ 
ɼ

Å ҅ Ẑ Ѓ1Є ὶ  πȢσ, Ѓ2Є
ҿ ᵩ ЇЃ3Є ҿ ὶὩὥὶὸὬɼ

Å ῗ ҿЕ

                        Ὓρ ὶ“ὶςὩὥὶὸὬ  „Ὕτ
 
τ“ὶςὩὥὶὸὬ

Å Ὓρ ὶȾτ  „Ὕτ

Å ҅ ҿ ɼ
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Å ҏ Ї ҿЕ

Ὕ
Ὓρ ὶ

τ„

Ⱦ

Å ҿ Ѓeffective temperatureЄ

Å ҏ װ └Ї Е

Ѓ1Є ҏ SЃ ꜠ Є

Ѓ2Є Ѓ ⅎ ɻ ɻԜɻ Є

Å └Ὕ ςυυ ὑ  ρψȍὅ

Å ᵲҿ҅ү ᵩ Ж ᵤԓ
ρυȍὅЖ ꜘ└ρυȍὅЇ ᵩꜗҒ ϼ
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Ẑ Е

V ҿ ὶὩὥὶὸὬ
V ὶ

V

V ᵩЇ ҿὝί
V Ї ҿὝὥ

V ᵩЇ ⅎ
⌡ҿὥί ὥὰ
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Å ҏ Ї Ї 1Ї3Ї5Ї
7

Ὓ

τ
ρ ὶ  „Ὕὥ  „Ὕ ρ ὥ

Å Ї Ї 2Ї4Ї6

Ὓ

τ
ρ ὶ ὥ „Ὕὥ „Ὕ

Å Ї

Ὓ

τ
ὥί „Ὕὥ

 
ς„Ὕὥ

Å ҏ ᴑ ҩү װ ₴Ὕὥ  Ὕί

ү ש ҅
Ѓ Єɼ
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Ὕί  Ὕὥ Е ὛЇ ὶЇ ὥίЇ ὥὰ

„Ὕ
Ὓ

τ

ὥ ὥρ ὶ ὥ

ὥς ὥ

„Ὕ
Ὓ

τ

ς ρ ὶ ὥ

ς ὥ

Ὕί  ςψτȢψ ὑ

Ὕὥ  ςυπȢω ὑ

ὥ  πȢω̆  ὥ πȢς̆ ὶ πȢσ 

∑

Ὕί

QЕ ᴍὥὰ ԓ0 1
Ὕὥ ӎЇװ

ὥ
ὥ

ρ Ὑ

ὥ
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Ӥ Ї װ └ ɼ

ԑ ғ ῗ ɼ Їת ὥ ὥ̆ ὥ π̆ ὶ π ɼ

„Ὕ
Ὓ

τ

ρ

ς ὥ

„Ὕ
Ὓ

τ

ρ ὥ

ς ὥ

„Ὕ
Ὓ

τ

ς ὥ

ς ὥ

ү ҲЇ Ѓ Є ꜘЇ∑ ҩ
ꜘɼғ К

QЕїṖᶽ↔⅝іṖᶽ↔῭ῧЇҿ־ӍК



- Radiative-Convective Equilibrium
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Å Ғ׃ ” ɼ

׃ Ї ҏ
⁯ ԓ ẅЃ6.5 K km-1Є

Å ҿЇ ᴶ
Ї֥ ҏ ᴶ Ї

ᶕ ɼ

Ѓ
Є

Ѓ
Є

-

Ѓ
Є

Manabe and Wetherald 1967
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Å 47%Ї
Ѓ ԜЄ 23%Ї

30%ɼ

Å ҏ ‰ ҿ0ɼ

‰ ҿ ẅЖ
ҏ

Ї ₴ ᵯ ɼ

Å ᵜ Ѓ~cm ЄЇ

₉ӓ Ņ ņЇ
ᴶ Ї Ї
└₉ ҏװ ɼ

Å
ɼ
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CO2 ᶕ
Ї ‡Ѓҿ־ӍКЄ

Manabe and Wetherald 1967

Syukuro Manabe
2021

Ӏ



⌐ Ṣ

45

Ṣ



46

Ҳ

Ҳ



ЕFY-3D

47

‖ ↔ ᴌῐ

‖ ↔ ᴌῐ
╜⸗♇χᶈ800ԇ ẙ ᶊרᴇר‖ ι⅛12ṇῊῂ ԅרᾉ ᶺ ỵҩᵸι ᴨᶽ↔ᵙᶊערᶫ ᵀή╜ӡỤ

╜⸗♇χ

1. ᶈ 800ԇ ẙ ᶊרᴇר‖ ι⅛12ṇῊῂ ԅר

2. ᾉ ᶺ ỵҩᵸι ᴨᶽ↔ᵙᶊערᶫ ᵀή╜ӡỤ
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↔ ᴌῐӐּזᵙҸמχ

1. ԅרԅᶾӧῂ

╜ιḫאḾᶊרᶽ↔

ᵙעᶫ ᵀή╜

2. ṕᶊ ₭ ╜ιḫ

Ḿא ⱡ♅ḱᵙעᶫ

҆ҭ￼טỗ ╜ ╜⸗♇χ

1. ẙ 35800ԇ ιљ

ᶊר ᵃℓι ᶟת╜

Ḿᶁḧ

2. ᴵ⅛15֫ ᴨᶊרԅᶄ

ᶃӵψ⅛5֫ Ḿѧᶂת

ᶟ Ἔὼ

₿↔ ᴌῐ

₿↔ ᴌῐ
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Å ᴂ ҅ ֬ Ї ҏ
ү ᵩ Ҳ └ ҏ ү
ᾩɼ

Å ҅ ֬ ҅ Ї
Ґ∆4 Е

Ƙῇ ֬ └
⁯Ж

ƙ ԓ ᾩ └ ҏЇ
ᾩ ᾩ Ї ҅ Ж

ƚ ү ᾩ └ ҏῴ
Ї Ж

ƛ Ҳ ɼ

ʻ
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Vasilkov et al., 2020
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51Adopted from Kelly Chance



Е ԓGEMS NO2
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POMINO-GEMSNO2 VCDs for JJA 2021



Е ԓOCO-2 CO2 ЃXCO2Є

53https://svs.gsfc.nasa.gov/5022
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♦ṋ

≠ṋ

ᴵ ӿ ᶹ

Kaufman et al. (2002) Nature

Ғ Ғ

(Ịᶂ↔ ῸחѧỌ)

ⅎ

↔ ׁӌⱶ ỉ ♦ ♦ṋ
≠ṋ
♀ṟ♃

╤
ₔⱶ Ɑ
Ą҉◕
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MODIS 
instrument

MISR 
instrument

ᾩ
(2000-2021)

ᾩ
(2000-2021)


