
WILEY-VCH Verlag GmbH & Co. KGaATexas A&M University

Theory of Atmospheric Radiative Transfer:
A Comprehensive Introduction

Figures from the book by

Manfred Wendisch, and Ping Yang

University of Leipzig, and Texas A & M University
m.wendisch@uni-leipzig.de, and pyang@tamu.edu

February 20, 2012



1. IntroductionTexas A&M University

(a)

(b)

Figure 1.1

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 2/108



1. IntroductionTexas A&M University

Figure 1.2

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 3/108



1. IntroductionTexas A&M University

Figure 1.3

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 4/108



1. IntroductionTexas A&M University

Figure 1.4

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 5/108



1. IntroductionTexas A&M University

(a) (b)

(c) (d)

Figure 1.5

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 6/108



1. IntroductionTexas A&M University

(a) (b)

(c) (d)

Figure 1.6

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 7/108



2. Notation and Math RefresherTexas A&M University

Figure 2.1

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 8/108



2. Notation and Math RefresherTexas A&M University

(a) (b)

Figure 2.2

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 9/108



2. Notation and Math RefresherTexas A&M University

Figure 2.3

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 10/108



2. Notation and Math RefresherTexas A&M University

Figure 2.4

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 11/108



3. FundamentalsTexas A&M University

(a) (b)

Figure 3.1

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 12/108



3. FundamentalsTexas A&M University

(a) (b) (c)

Figure 3.2

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 13/108



3. FundamentalsTexas A&M University

Figure 3.3

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 14/108



3. FundamentalsTexas A&M University

Figure 3.4

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 15/108



3. FundamentalsTexas A&M University

(a) (b)

Figure 3.5

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 16/108



3. FundamentalsTexas A&M University

(a) (b)

Figure 3.6

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 17/108



3. FundamentalsTexas A&M University

Figure 3.7

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 18/108



3. FundamentalsTexas A&M University

Figure 3.8

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 19/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

(a)

(b)

Figure 4.1

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 20/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.2

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 21/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.3
Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 22/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.4

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 23/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.5

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 24/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.6

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 25/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.7

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 26/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.8

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 27/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.9

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 28/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

(a)

(b)

R
a

y
le

ig
h

Figure 4.10

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 29/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.11

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 30/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

(a)

(b)

Rayleigh

Lorenz–Mie

Figure 4.12

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 31/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.13

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 32/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

(a)

(b) (c)

Figure 4.14

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 33/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.15

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 34/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.16

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 35/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

0.5 1.0 1.5 0.5 1.0 1.5

Wavelength λ (μm)

0

200

400

600

800

1000

1200

E
xt

in
ct

io
n 

C
ro

ss
 S

ec
tio

n 
C

ex
t (

μm
2 )

D = 25 μm 

Wavelength λ (μm)

0.70

0.75

0.80

0.85

0.90

0.95

1.00

A
sy

m
m

et
ry

 P
ar

am
et

er
 g

D = 25 μm 

0.4 0.6 0.8 1.0 1.2

Wavelength λ (μm)

0.9985

0.9990

0.9995

1.0000

S
in

gl
e-

S
ca

tte
rin

g 
A

lb
ed

o 
 

D = 25 μm 

1.3 1.4 1.5 1.6 1.7

Wavelength λ (μm)

0.95

0.96

0.97

0.98

0.99

1.00

S
in

gl
e-

S
ca

tte
rin

g 
A

lb
ed

o 
ωω~ ~

D = 25 μm 

(a) (b)

(c) (d)

Figure 4.17

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 36/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

10 100 1000
Maximum Particle Dimension D (μm)

102

103

104

105

106

E
xt

in
ct

io
n 

C
ro

ss
 S

ec
tio

n 
C

ex
t (

)
μm

2 λ = 0.7 μm

10 100 1000
Maximum Particle Dimension D (μm)

0.70

0.75

0.80

0.85

0.90

0.95

1.00

A
sy

m
m

et
ry

 P
ar

am
et

er
 g

λ = 0.7 μm

10 100 1000
Maximum Particle Dimension D (μm)

0.5

0.6

0.7

0.8

0.9

1.0

S
in

gl
e-

S
ca

tte
rin

g 
A

lb
ed

o 
 ω~

λ = 1.49 μm

(a)

(c)

(b)

Figure 4.18

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 37/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Ray-Tracing Lorenz–Mie

(a) (b)

(c) (d)

Figure 4.19

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 38/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Ray-Tracing

Lorenz–Mie

(a) (b)

(c) (d)

Figure 4.20

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 39/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.21

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 40/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.22
Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 41/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.23

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 42/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.24

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 43/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.25

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 44/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.26

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 45/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

(a) (b)

Figure 4.27

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 46/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.28

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 47/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

(a)

(b)

(c)

·
·

Figure 4.29

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 48/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

(a)

(b)

Figure 4.30

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 49/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.31

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 50/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.32

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 51/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

(a)

(b)

(c)

Figure 4.33

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 52/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.34

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 53/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

(a) (b)

Figure 4.35

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 54/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Figure 4.36

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 55/108



4. Interactions of EM Radiation and Individual ParticlesTexas A&M University

Fϕ

⊥E ||E

⊥,FE ||,FE

Figure 4.37

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 56/108



5. Volumetric (Bulk) Optical PropertiesTexas A&M University

0 2 4 6 8 10

Volume Extinction Coefficient < bext > (km–1)

6.5

7.0

7.5

8.0

A
lti

tu
de

 (
km

)

λ = 0.7 μm

0.70 0.75 0.80 0.85 0.90 0.95 1.00

Asymmetry Parameter < g  >

6.5

7.0

7.5

8.0

A
lti

tu
de

 (
km

)

λ = 0.7 μm

0.5 0.6 0.7 0.8 0.9 1.0
Single Scattering Albedo < ω~ >

6.5

7.0

7.5

8.0

A
lti

tu
de

 (
km

)

λ = 1.49 μm

(a)

(c)

(b)

Figure 5.1

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 57/108



5. Volumetric (Bulk) Optical PropertiesTexas A&M University

Figure 5.2

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 58/108



5. Volumetric (Bulk) Optical PropertiesTexas A&M University

Figure 5.3

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 59/108



5. Volumetric (Bulk) Optical PropertiesTexas A&M University

Figure 5.4

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 60/108



6. Radiative Transfer EquationTexas A&M University

Figure 6.1

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 61/108



6. Radiative Transfer EquationTexas A&M University

Figure 6.2

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 62/108



6. Radiative Transfer EquationTexas A&M University

Figure 6.3

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 63/108



6. Radiative Transfer EquationTexas A&M University

(a) (b)

Figure 6.4

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 64/108



6. Radiative Transfer EquationTexas A&M University

Figure 6.5

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 65/108



6. Radiative Transfer EquationTexas A&M University

Figure 6.6

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 66/108



6. Radiative Transfer EquationTexas A&M University

Figure 6.7

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 67/108



6. Radiative Transfer EquationTexas A&M University

Figure 6.8

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 68/108



6. Radiative Transfer EquationTexas A&M University

Figure 6.9

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 69/108



6. Radiative Transfer EquationTexas A&M University

Figure 6.10

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 70/108



6. Radiative Transfer EquationTexas A&M University

Figure 6.11

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 71/108



6. Radiative Transfer EquationTexas A&M University

Figure 6.12

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 72/108



6. Radiative Transfer EquationTexas A&M University

Figure 6.13

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 73/108



6. Radiative Transfer EquationTexas A&M University

Figure 6.14

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 74/108



7. Numerical and Approximate Solution TechniquesTexas A&M University

(a) (b)

Figure 7.1

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 75/108



7. Numerical and Approximate Solution TechniquesTexas A&M University

Figure 7.2

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 76/108



7. Numerical and Approximate Solution TechniquesTexas A&M University

Figure 7.3

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 77/108



7. Numerical and Approximate Solution TechniquesTexas A&M University

Figure 7.4

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 78/108



7. Numerical and Approximate Solution TechniquesTexas A&M University

Figure 7.5

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 79/108



7. Numerical and Approximate Solution TechniquesTexas A&M University

Figure 7.6

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 80/108



7. Numerical and Approximate Solution TechniquesTexas A&M University

Figure 7.7

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 81/108



7. Numerical and Approximate Solution TechniquesTexas A&M University

(a) (b)

(c) (d)

Figure 7.8

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 82/108



7. Numerical and Approximate Solution TechniquesTexas A&M University

Figure 7.9
Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 83/108



7. Numerical and Approximate Solution TechniquesTexas A&M University

Figure 7.10

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 84/108



7. Numerical and Approximate Solution TechniquesTexas A&M University

Figure 7.11

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 85/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

(a)

(b)

(c)

Figure 8.1

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 86/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

Figure 8.2

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 87/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

(a) (b)

Figure 8.3

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 88/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

Figure 8.4
Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 89/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

(a) (c)

(b)

Figure 8.5

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 90/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

(a) (b)
Figure 8.6

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 91/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

Figure 8.7

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 92/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

Figure 8.8

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 93/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

(a)

(b)

Figure 8.9

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 94/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

(a)

(b)

Figure 8.10

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 95/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

(a)

(c)

(b)

(d)

Figure 8.11

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 96/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

Figure 8.12

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 97/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

Figure 8.13

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 98/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

(a) (b)

(c) (d)

Figure 8.14

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 99/108



8. Absorption and Emission by Atmospheric GasesTexas A&M University

(a) (b)

Figure 8.15

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 100/108



9. Terrestrial Radiative TransferTexas A&M University

Figure 9.1

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 101/108



9. Terrestrial Radiative TransferTexas A&M University

Figure 9.2

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 102/108



9. Terrestrial Radiative TransferTexas A&M University

Figure 9.3

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 103/108



9. Terrestrial Radiative TransferTexas A&M University

(a) (b)

Figure 9.4

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 104/108



9. Terrestrial Radiative TransferTexas A&M University

5 10 15 20 25 30
Wavelength λ (μm)

0

5

10

15

20

25

30

35

D
ow

nw
ar

d 
Ir

ra
di

an
ce

 (
W

 m
–2
 μ

m
–1

)

5 10 15 20 25 30

2000 1000 667 500 400 333

Cloud TOP (15.4 km)

5 10 15 20 25 30

Wavelength λ (μm)

0

5

10

15

20

25

30

35

D
ow

nw
ar

d 
Ir

ra
di

an
ce

 (
W

 m
–2  μ

m
–1

)

5 10 15 20 25 30

2000 1000 667 500 400 333
Wavenumber  (cm–1)

Cloud BASE (13.1 km)

5 10 15 20 25 30
Wavelength λ (μm)

0

5

10

15

20

25

30

35

U
pw

ar
d 

Ir
ra

di
an

ce
 (

W
 m

–2
 μ

m
–1

)

N

IWC

5 10 15 20 25

2000 1000 667 500 400

Cloud TOP (15.4 km)

5 10 15 20 25 30

Wavelength λ (μm)

0

5

10

15

20

25

30

35

U
pw

ar
d 

Ir
ra

di
an

ce
 (

W
 m

–2  μ
m

–1
)

5 10 15 20 25

2000 1000 667 500 400
Wavenumber  (cm–1)

Cloud BASE (13.1 km)

(a) (b)

(c) (d)

Wavenumber υ~ (cm–1) Wavenumber  (cm–1)υ~

υ~υ~

Figure 9.5

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 105/108



9. Terrestrial Radiative TransferTexas A&M University

26 July 2002

0 100 200 300 400 500
Upward Irradiance (W m–2)

0

5

10

15

20

 A
lti

tu
de

 (
km

)

IWC N

26 July 2002

0 100 200 300 400 500
Downward Irradiance (W m–2)

0

5

10

15

20

 A
lti

tu
de

 (
km

)
IWCN

23 July 2002

0 100 200 300 400
Upward Irradiance (W m–2)

0

5

10

15

20

 A
lti

tu
de

 (
km

)

IWC = constant

23 July 2002

0 100 200 300 400
Downward Irradiance (W m  )

0

5

10

15

20

 A
lti

tu
de

 (
km

)

IWC = constant

–2

(a) (b)

(c) (d)

Figure 9.6

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 106/108



9. Terrestrial Radiative TransferTexas A&M University

0 1 2 3 4 5 6 7 8 9 10
Solar Heating Rate (K day-1)

0

1

2

H
ei

gh
t (

km
)

 0.9~

07–09
11–12
14–15

0 1 2 3 4 5 6 7 8 9 10
Solar Heating Rate (K day-1)

0

1

2

H
ei

gh
t (

km
)

Aerosol onlyAerosol + Rayleigh

(a) (b)

Figure 9.7

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 107/108



9. Terrestrial Radiative TransferTexas A&M University

0 1 2 3 4 5 6 7 8 9 10
Solar Heating Rate (K day-1)

0

1

2

3

H
ei

gh
t (

km
)

07–09
 1.0~

~
~

 0.9
 0.8

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0
Terrestrial Cooling Rate (K day-1)

0

1

2

3

H
ei

gh
t (

km
)

(a) (b)

Figure 9.8

Wendisch & Yang Theory of Atmospheric Radiative Transfer: A Comprehensive Introduction February 20, 2012 108/108


