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Energy Balancefor Earth-
Atmosphere System

Fig. 10.1.
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Energy Transfer From Equator to
Poles

Fig. 10.2.
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Electromagnetic Spectrum

Radiation in the form of an electromagnetic wave

Wavelength
c 1
| == == 10.1
- == (10.1)
Radiation in the form of a photon of energy
Energy per unit photon (J photonr?)
hc
Ep = hn :I— (103)
Example 10.1.
I =0.5mMm
> Ep =3.97 x 1019 Jphoton1
> n =5.996 x 1014 51
> n =2mm1
I =10.0 M
> Ep =1.98x 1020 Jphoton1
> n =2.998 x 1013 51
> n =0.1mm-1



Planck's L aw

Radiance
Intensity of emissions per incremental solid angle

Planck radiance (W m?2 mm1 gr1)

2hc?
B, 1T=— — (10.4)
| 5eéexpae hc 6 1%
& dkgTp g
Radiance actually emitted by a substance
e =e| B T (10.5)

Kirchoff's law
In thermodynamic equilibrium, ag = e -->theefficiency at
which a substance absorbs equals that at which it emits.

--> a perfect emitter is a perfect absorber

Table 10.1. Emissivities of different surfaces for an infrared wavelength.

Surface Type Emissivity Surface Type Emissivity
(fraction) (fraction)

Liquid water 1.0 Sail 0.9-0.98
Fresh snow 0.99 Grass 0.9-0.95

Old snow 0.82 Desert 0.84-0.91

Lig. water clouds 0.25-1.0 Forest 0.95-0.97
Cirrus clouds 0.1-0.9 Concrete 0.71-0.9

Ice 0.96 Urban 0.85 - 0.87




|ncremental Solid Angle

Intercepted surface area on a sphere / radius squared

dW, = d—'} (10.6)

I's

Incremental surface area
dAs = (rsdo)(rssin qof ) = r& sinqdqdf (10.7)

Incremental solid angle (sr)
dW; =sin gdgdf (10.8)

Solid angle around a sphere

2
W =), dWa = (‘ap (‘Bpsinqdqdf - 4p (10.9)
a

Fig. 10.3. Radiance emitted from point (O) passes through
incremental area dAq at distance rgs from the point.
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Spectral Actinic Flux

Integral of spectral radiance over all solid angles of a sphere

Incremental spectral actinic flux
dg; =1 dWjy (10.10)
Integral of incremental actinic flux over a sphere

\2 N\ .
E = Q\/ dE :Qv 1] dWj, :Qpcg’n singdqdf (10.11)
a a

| sotropic spectral actinic flux

\2 N\ .
B =1 Qpcg’andqdf = 4pl| (10.12)



Spectral Irradiance

Flux of radiant energy propagating across a flat surface
Incremental spectral irradiance
dF =1| cosqdWy (10.13)

Integral of incremental irradiance over hemisphere of x-y plane

N\ N\ \2p \p’2 .
= dR = I} cosqdWg = I} cosgsingdqdf
=@ df =@ N cosHiWa=qQ @ gsinqadq
(10.14)
| sotropic spectral irradiance
2p 2 :
R =1 Q Q cosg sinqdqdf = pl| (10.15)

Spectral irradiance at the surface of a blackbody

H =pll =pB T (10.16)



|rradiance

Fig. 10.4. lrradiance vs. wavelength and temperature resulting
from Planckian emissions.
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Emission Spectra of the Sun and

Earth

Fig. 10.5. lrradiance emissions versus wavelength for the sun and
earth when both are considered perfect emitters
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Ultraviolet and Visible Portions of
Solar Spectrum

Fig. 10.6. Ultraviolet and visible portions of the solar spectrum.
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Wien's Displacement L aw

Differentiate Planck's law with respect to wavelength at constant
temperature and set result to zero

Peak wavelength of emissions from perfect emitter

2897
I 10.17
Example 10.2.
Sun's photosphere | p =2897/5800 K =0.5mMm
Earth's surface | p =2897/288K =10.1 nm

Fig. 10.7. Line through peak irradiances at different temperatures.
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Stefan-Boltzmann L aw

Integrate Planck irradiance over all wavelength intervals

Stefan-Boltzmann law

¥
b =pQB Td =s 5T (10.18)

Stefan-Boltzmann constant

=B _-567 108 Wm2K*4
°B T 197%:2 m

Example 10.3.
T =5800K

—->  Fg = 64 million W m2.
T =288 K

> Fr =390 W mr2.



Reflection and Refraction

Reflection
Angle of reflection equals angle of incidence

Refraction

Angle of wave propagation relative to a surface norma
changes when the density changes

Fig. 10.8. Examples of reflection and refraction.
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Albedo

Albedo

Fraction of incident sunlight reflected

Table 10.2. Range of albedos in the non-UVB solar spectrum

Surface Type | Albedo (fraction) Surface Type | Albedo (fraction)
Earth & atmosphe 0.3 Sail 0.05-0.2
Liquid water 0.05-0.2 Grass 0.16 - 0.26
Fresh snow 0.75- 0.95 Desert 0.20 - 0.40
Old snow 04-0.7 Forest 0.10- 0.25
Thick clouds 0.3-0.9 Asphalt 0.05-0.2
Thin clouds 0.2-0.7 Concrete 0.1-0.35
Sealce 0.25-0.4 Urban 0.1-0.27




Refraction

Snell's law

Elz = % (10.19)

Real part of theindex of refraction (3 1)
Ratio of the speed of light in a vacuum to the speed of light
In agiven medium

C
=— (10.20
n Cl( )

Real part of the index of refraction of air

2,406,030 15,997 0

+ . 10.21
130-1°2 389-17%% (10.21)

Nal -1=10 8%%342.13+

Example 10.4.
I =0.5mM
ql = 450
> Nair =1.000279
_— nwater = 1335
_— QZ = 320
> Gy  =29971x108msl

-->  Ggter =22456x 108 ms?t



Real Indices of Refraction in Air and
Water Versus Wavelength

Wavelength Index of Index of
(mm) Refraction of Air Refraction of

Water
0.2 1.000324 1.396
0.3 1.000292 1.349
0.4 1.000283 1.339
0.5 1.000279 1.335
0.6 1.000277 1.332
0.7 1.000276 1.331
1.0 1.000274 1.327
4.0 1.000273 1.351
7.0 1.000273 1.317
10.0 1.000273 1.218
20.0 1.000273 1.480




Geometry of a Primary Rainbow

Fig. 10.9.
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Diffraction Around A Particle

Huygens' principle
Each point of an advancing wavefront may be considered the
source of anew series of secondary waves

Fig. 10.10.
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Radiation Scattering by a Sphere

Fig. 10.11. Radiation scattering by a sphere.

Ray A isreflected

Ray B isrefracted twice

Ray Cisdiffracted

Ray D isrefracted, reflected twice, then refracted
Ray E is refracted, reflected once, and refracted

Rays A, B, C, and D scatter in the forward or sideward direction
while ray E scattersin the backward direction.

Diffraction

Process by which light bends around objects, and
individual wavelengths constructively or destructively interfere
with each other



Forward and Backscattering

Fig. 10.12.

Backscattering Forward scattering

Sunlight

Cloud drop

Cloud droplets
Scatter primarily in the forward direction

Gas molecules
Scatter evenly in the forward and backward directions



Total Internal Reflection

Critical angle

_ _ 0
g2c=9n 1(’ja—jil--sm900+ (10.22)
’ &Ny 2

Example 10.5.

I =0.5mm
---> Nair =1.000279
Nwater = 1.335
---> d2c  =48.53°

—>



Changein Color of the Sun During
the Day

Fig. 10.13.
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Gas Absor ption

Table 10.4. Wavelengths of gas absorption in the solar spectrum.

Absorption Absorption
Gas Wavelengths (mm) Gas Wavelengths (nm)

N> <0.1 N>Og <0.38
Oy <0.245 HNO3 <0.33
O3 0.17-0.35,0.45- 0.75| HONO, <0.33
CO, <021 HCHO 0.25-0.36
H,0 <021 CH3CHO <0.345
H>0, <0.35 CH3CO5NO, <0.3
NO, <0.71 HCI <0.22
N>O <024 CFCL3 <0.23
NO3 0.41-0.67 CF,CL» <0.23
HONO <04 CH3Cl <022

Fig. 10.15. Extinction coefficient due to NO, and O3 absorption.
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|nfrared Absorption by Gases

Table 10.5. Peak absorption wavelength bands (mm) of severdl
greenhouse gases. Datafrom (Liou, 1992)

H>O CO» O3 N->O CHy4 CF.Cl> | CFCl3 | CH43CI
0.72 1.4 9.6 4.5 3.31 8.6 11.8 11.8
0.82 1.6 14.27 7.78 3.43 9.13 9.2
0.94 2.0 17.0 6.55
1.1 2.7 7.65
1.38 4.3
1.87 4.8
2.7 5.2
3.2 15.0
6.25
>12.0

Efficiency of absorption compared to CO, (IPCC, 1990)
CHy = 21 x more efficient
N>O = 206 x more efficient
CFCl3 = 12,400 times more efficient



Extinction Coefficient

Fig. 10.14. Attenuation of incident radiance, |, due to absorption
asit travels through a column of gas.

Extinction coefficient (s ) (cmv1, m1, or km-1)
A measure of the loss of radiation per unit distance

Example

Reduction in radiance with distance through a gas

di
E)I(_Z'Nqba,g’qJ’T“ ='Sa’g’q,| ’TI| (1023)
Integrate

| =lg) € NePa g1, 7(X- Xo) = lo,| e Sagql (% %) (10.24)



Extinction Coefficient

Extinction coefficient due gas absorption

Nag N ag

o} [o]
Sag) =aA Ngbagqgl T =aSagaql,T (10.25)
q=1 q=1

M eteorological range (Koschmieder equation)

3.912
S ext,|

Table 10.6. Extinction coefficients (s) and meteorological ranges
(X) due to NO, absorption and meteorological range due to
Rayleigh scattering (g, )-

NO»> (ppmv)
<--0.01--> <--0.25-->

| b Sag Xag Sag Xag Xsq
mm| 109%cm? | 108 cml km 108 cm! km km
0.42 5.39 13.2 296 330 11.8 112
0.45 4.65 11.4 343 285 13.7 148
0.50 2.48 6.10 641 153 25.6 227
0.55 0.999 2.46 1590 61.5 63.6 334
0.60 0.292 0.72 5430 18.0 217 481
0.65 0.121 0.30 13,000 7.5 520 664




Gas Scattering

Rayleigh scatterer: 2pr/l <<1

Extinction coefficient due to Rayleigh scattering

S Sg’| = Nabs g’| (1027)

Scattering cross section of atypical air molecule (cm?)

3(..2 2 2
o7 -1 32p°(na - 9
b = : f(dx f(d« 10.28
50/ 3 4N§1,0 (ck) » 3 4N§'0 () (10.28)
Anisotropic correction factor
o) =222 105 (10.29)

"7 6 7ok



Rayleigh Scattering Example

Example 10.6.
I =0.5mm
p =1 atm (sealevel)
T =288 K
> Sgg) =172x107cmt
-——-> X =227 km
I =55mm

> sgg) =117x107cm?

-—> X =334 km



|maginary Index of Refraction

Determines extent to which a substance absorbs radiation

Fig. 10.16. Attenuation of incident radiance, |, due to absorption
asit travels through a particle.

Attenuation of radiation due to particle absorption

d __4pk,

— = 10.
Ix | (10.30)

Integrate

| = 1ge” 4PK(X- Xo)/! (10.31)



Complex Index of Refraction

m; =n; - ik

(10.32)

Table 10.7. Real and imaginary indices of refraction for some
substancesat | = 0.50 and 10.0 rm.

0.5mMm 10 mm
Rea (n ) | Imaginary (k; ) | Real (n; ) | Imaginary (K| )
Ho0 (aq) 1.34 1.0x 1079 1.22 5.0 x 102
Elemental C (s) 1.82 7.4x101 2.40 1.0 x 109
Organic C () 1.45 1.0x 103 1.77 1.2x 101
HoSO4 (aq) 1.43 1.0x 108 1.89 46x 101
(NHZ4)2S04 () 1.52 5.0 x 104 2.15 2.0x 102
NaCl(s) 1.45 15x 104 153 5.3x 1072

Table 10.8. Light transmission through particlesat | = 0.50 nm.

Substance and k Particle Diameter Transmission (1/1g)
(nm)
Elemental carbon (k =0.74) 0.1 0.16
1.0 8.0x 10
10.0 0
Water (k :10'9) 0.1 0.999999997
1.0 0.99999997
10.0 0.9999997




|maginary Index of Refraction of
Liquid Nitrobenzene

Fig. 10.17
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Particle Extinction Coefficients

Particle absorption and scattering extinction coefficients
Ng

Saal =a Nbaa,i) (10.33)
i=1
Ng

Ssal =d Nbsa,i) (10.33)
=1

Absorption and scattering cross sections of a particle (cm?)

ba,aj | =|Ori2 Qa,il (10.34)
2

bsaj |l =pri Qs (10.34)

Size parameter

aj| =2pr/l (10.35)



Tyndall Absorption / Scattering

Rayleigh regime (rj << 0.1 oraj) <0.1)

Single particle Tyndall absorption efficiency p rj /I

U

2 26 é
2 m* -4 > 2pr é 241, k
Qai,l :-4%Im —Iz—i‘ :;» lprlg ALY
m+ P g(n|2+k ) +4(nI -k +])H
(10.36)
é 0
oor 6240k, O . |
Ki ® 0->Qai| = 'Ior"; =L o> linear with k| (10.37)
8(”|2+2) b

Single particle Tyndall scattering efficiency u (r. /| )4

.4 -
Qsi|l =8§2 DT O |m' 1f (10.38)

3e | ﬂlml +2

Example 10.7. (liquid water)

I =0.5mm I =0.01 mm
S ny - 1.34 > K| =1.0x 10°
> Qgj =292x10°

---> Qail =28x1010



Mie Absorption / Scattering

Mieregime(ri ~1 or 0.1<aj| <100)

Single particle Mie scattering efficiency

2 &

Qsi) =— a(2k +1)(IakI2+ |bk|2) (10.39)
Al k=1

Single particle Mie absorption efficiency
Qail = Qei,l - Gl

Single particle total extinction coefficient

¥
Qe l -2 8 (2k +1)Re(ak +by) (10.40)
Al k=1



Single Particle Absorption / Scattering
Efficiency by Soot

Fig. 10.18. Qg Qs and Q¢ of elemental carbon (soot) particles at
| =050 M (n] = 1.94, k| = 0.66). The efficiency for soot at
any other visible wavelength | 1 and diameter d; is the efficiency
at diameter, d = 0.5mm” dy/l 1.
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Single Particle Absorption / Scattering
Efficiency by Water

Fig. 10.19. Qg Qg and Q¢ of liquid water drops of different sizes
at a wavelength of | = 0.50 mm (nj = 1.34, ki = 0.). The
efficiency for water at any other visible wavelength |1 and
diameter d; isthe efficiency at diameter, d = 0.5mm” d4/l 1.
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Geometrical Scattering / Absorption

Geometrical regime (aj| >100) ---> significant diffraction

Inthelimit (aj| ® ¥ ), scattering efficiency is constant

: m -
aij, m ¥Qs,i | =1+ ﬁlTj (10.42)
Example 10.8.
I =0.5mMm
> n| = 1.34 for liquid water
> Qsii =1llasaj] ® ¥ from(10.41)
> Qail =1llasaj) ® ¥ fromfig(10.18)

Also, as aj] ® ¥, Qgj| » Q| regardless of how weak the
imaginary index of refractionis.

Volume-averaged effective index of refraction

NOVWq’i 0]
n = a —— N < (1042)
q—18 Vi @




Predicted Extinction Coeff. Profiles

300 —
Claremont -
400 8/27/97 3
g 0.32 mMm -
72’ 600 \ ;—
% 200 : Gas scat. 3
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900 i .
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Fig. 10.20 a
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Fig. 10.20 b.



Visibility Definitions

Meteorological range
Distance from an ideal dark object at which the object has a
0.02 liminal contrast ratio against a white background

Liminal contrast ratio
Lowest visually perceptible brightness contrast a person can
see

Visual range
Actual distance at which a person can discern an ideal dark
object against the horizon sky

Prevailing visibility

Greatest visual range a person can see around a 180°
horizontal arc, but nut necessarily in continuous sectors around
thearc

Fig. 10.21. At point x, the intensity of the radiation originating
from the direction of an object has increased to the background
intensity.

Scattering into path

LN W W

y ¥ ¥ ¥

Scattering out of path

dx

X



M eteor ological Range

Change in object intensity along path of radiation

%{ =Splg- S exil (10.43)
g = constant background intensity (radiance) of light,
Splg = constant scattering of background light back into

the line of vision along the path
Sext = extinction coefficient due to absorption and

scattering along the path

Change in background intensity

dl
FE =Splg- Sext!g=0 (10.44)

Substitute s =S gxt 1Nto (10.43)

= Sext dX. (10.45)
Integrate from Ig =0to | and xg =0tox

g -1 .

B - g SexX (10.46)

Cratio = |

Meteorological range (Koschmieder equation)

3.912

S ext

X = (10.47)




M eteor ological Range

Table 10.9. Meteorological ranges due to scattering by gases (sg),
absorption by gases (ag), scattering by particles (sp), absorption
by particles (ap), and total extinction (ext) at | = 0.55 mmin Los

Angeles. (Larson, 1984).

Meteorological Range (km)

Xgg,l Xag,| Xgp, | Xap,| Xext)|
Cleanday (4/7183) 352 326 151 421 67.1
Polluted day (8/ 25/ 83) 366 130 959 | 497 7.42




Optical Depth

Total extinction coefficient

S| =Sggl *Sagl t*Ssal *Saal *Sscl tSac)|
(10.48)
Incremental distance vs. incremental path length

dz = cosqsdS, = mydS, (10.49)
Incremental optical depth
dt| =-s|dz=-s| nxdS, (10.51)

Optical depth as afunction of atitude
Z Sb
t :QS|dZ:Q S| nydS, (10.52)

Fig. 10.22. Relationship between optical depth, atitude, solar
zenith angle, and pathlength.

t=0 z=inf. Sy=inf.
dz
dt \Zd\sb
Qs
-
| 4

t=t =0 $,70



Solar Zenith Angle

Cosine of solar zenith angle

COSCs =SiNj sind+ cosj cosdcosH g (10.53)

Solar declination angle (d)
Angle between the equator and the north or south latitude of
the subsolar point

Subsolar point
Point at which the sun is directly overhead

Local hour angle (Hg)

Angle, measured westward, between longitude of subsolar
point and longitude of location of interest.

Figs. 10.23 b. Geometry for zenith angle calculations.
Surface
normal




Solar Declination Angle

Solar declination angle
T .
d=sn (smeobsmlec) (10.54)
Obliquity of the ecliptic
Angle between the plane of the earth's equator and the plane

of the ecliptic, which is the mean plane of the earth's orbit around
the sun.

eop =23°.439- 0°.0000004N jp (10.55)

Ecliptic longitude of earth

| ec =Ly +1°.915sin gy +0°.020sin2 gy (10.57)

Mean longitude of the sun

Ly =2800.460 + 0°.9856474N3p (10.58)

Mean anomaly of the sun

gm =357°.528+ 00.9856003N3p (10.58)



Solar Zenith Angle

Local hour angle

2pt
Hy= ——S— 10.59
a™ 86,400 ( )

Example.
At noon, when sun is directly overhead, Hg =0 --->
COS(s =Sinj sind+ cosj cosd

When the sun is over the equator, thed =0 --->

COSCOs =CO0S] COoSHg

Example 10.9.
1:00 p.m., PST, Feb. 27, 1994, ] = 35°N.
-—--> D; =58
---> Nip =-21345
---> Im =-1746.23°
---> L =-1823.40°
---> | ce =-1821.87°
---> €b = 23.43990
---> d =-8.520
---> Hy =15.0°

~-->C0SCg = sin( 350) sin(- 8.520) +cos(35°)cos(-8.52°) cos(15.0°)
——> Os = 45.8°



Solstices and Equinoxes

Fig. 10.24. Solar declinations during solstices and equinoxes. The

earth-sun distance is greatest at the summer solstice.
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Radiative Transfer Equation

Change in radiance / irradiance along a beam of interest

Change in radiance along incremental path length

dlj =-dlgp| - dlgg| +dlg | +dlg| +dlg | (10.60)

Scattering of radiation out of the beam

digg =11 s51dS (10.61)

Absorption of radiation along the beam

Multiple scattering of diffuse radiation into the beam

€o a&Sskl 20 1
dig| =a ’ mdf¢-
S| gak% 4p Q O, I mef Psk I mmef fod g;jdso
(10.63)
Single scattering of direct solar radiation into the beam
€o &Sk - t
sl = A gy~ Pakim-mf f g @HFsle ' Mds,
(10.64)

Emissions of infrared Planckian radiation into the beam

dlg| =sa, B 1dS (10.65)




Extinction Coefficients

Extinction due to total scattering only

Ssl =Ssgl *Ssal *Ssc|

Extinction due to total absorption only

Sal =Sagl *Saal *Sac|

Total extinction due to scattering plus absorption

S| =Sgl *Sa|

(10.66)

(10.66)

(10.67)



Scattering Phase Function

Gives angular distribution of scattered energy vs. direction

Scattering phase function for diffuse radiation

R k.| mntf, f¢ redirects diffuse radiation from md, f ¢to m, f

Scattering phase function for direct radiation

Bk, m-m,f,fg redirectsdirect solar radiation from - m, f gto m, f

Fig. 10.25. Single scattering of direct solar radiation and multiple
scattering of diffuse radiation.
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Multiple
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Diffuse N/ soatering




Scattering Phase Function

Scattering phase function defined such that

1
2p Qp Rkl (Qivig =1

Q = angle between directions md, f ¢ and m, f

Substitute dWy =sin QdQdf -->

1 2p < .
50 Q Rl (QsnQuQt =1

Phase function for isotropic scattering

Rk, (Q)=1

Phase function for Rayleigh scattering

Rk, Q)= ;:f(l +002 Q)

(10.68)

(10.69)

(10.70)

(10.72)



Scattering Phase Functions

Figs. 10.26 aand b.
Scattering phase functions for (@) isotropic and (b) Rayleigh
scattering.
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Asymmetry Factor

In general,

.}>0 forward (Mie) scattering

Oa.k,| |: 0 isotropic or Rayleigh scattering (10.73)
1<0 backward scattering
9a.k! = 70 Qp Psk1 (Q)cosQdWy (10.72)
Expand with dWy =sin QdQdf -->
- L #PPp | (Q)cosQsinQdOdf (10.74)
Ja, k| = 4pQ Q@ skl :
|sotropic Scattering ---> Rk | (Q)=1 --->
_ 1 32pyp in 0dodf = 1.1 1075
Jak,| = 4pQ (3,c0sQsin QdQdf = - ngd (10.75)
Rayleigh scattering --->
S (1+c:os2 Q)costinQdef
Ja, k| 20 Q Q7
1
=507 (e fJamet =0 (1079
Mie scattering --->
da,k | = Qf,il /Qsi, (10.78)




| ncident Solar Flux

Cumulative irradiance (W m-2) emitted by sun's photosphere

L

= —25 - 5T 10.79

—_ —_— B .
" 4pR3 g {10.79)
Lp = emissions from sun's photosphere = 3.9 x 1026 W
Ro = radius from sun center to photosphere = 6.96 x 108 m
Tp = temperature of photosphere =T, = 5796 K
Example 10.10.

Tp =5796 K

-->  Fp » 6.4 x 107 W m2



Solar Constant

Mean cumulative irradiance at top of earth's atmosphere

.2 2

= sgTy (10.80)
%Féew P &Rea °°
Calculated = » 1379 W m2
Observed R » 1365 W m2

Varies by +/- 1 W m2 over each 11 year sunspot cycle

Daily cumulative irradiance depends on earth-sun distance

.2
0 —

= —2 10.81
Fs CR. 5 Fs ( )

Empirical formula

2
%R& -~ »1.00011+ 0.034221cosqj +0.00128sinq

+0.000719 cos2q 3 + 0.000077sin 2 (10.82)

qJ = 2pDy/ Dy (10.83)



| ncident Solar Flux

Example 10.11.

December 22

> K = 1365 x 1.034 = 1411 W nr?
June 22

S = 1365 x 0.967 = 1321 W m2

Irradiance varies by 90 W m2 (6.6%) between Dec. and June.

Cumulative solar irradiance as sum of spectral irradiances

.2

.2
_ 2 _FRes® 2 (£ g )= FRsO E
FS_?(FSJ D )'%Re;g ;Ii (Fsi DI ) Gros B (1089



Seasons

Fig. 10.27. Relationship between the sun and earth during the
sol stices and equinoxes.
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Equilibrium Earth Temperature

Energy (W) absorbed by the earth-atmosphere system

Ein = Fo(1- Ae0)(pRE) (10.84)

Energy emitted by the earth's surface

Eout = €605 876 (4PRE (10.85)

Equate --> temperature without greenhouse effect

- Jl
eRs(1- Aeo
Te= 8 | ) (10.86)
@ 4eeos B EI‘
Example 10.12.
R = 1365 W m2
Acp =0.3
-—-> Te =254.8K

Actual average surface temperature on earth » 288 K -->
difference due to absorption by greenhouse gases




Radiative Transfer Equation

diy mf o @skl 2P 1 0
S e (Ss,l +S 3 )+a Q@ Ol mefeRsk, mmgf, f edmelf &
S+ " 2
) fm 2 0
th e ag Psklmms, f—+Sa,|B|T
(10.87)
Single scattering albedo (10.88)
e, _Sgl Ss,gl TSsal TSsc,l
sl = =
S| Ss,gl TSag,l TSsal TSaal TSscl *tSac|

Total extinction coefficient
S| =Sgl *Sa|

Optical depth

dt| =-s|mdS,



Radiative Transfer Equation

Rewrite radiative transfer equation

di . . )
gt = me - Y- 9 - (10.89)
| ! vy alh
where
diffuse _ 1 o skl 2P L 6
Wmf =756, Q Ol mif skl mme f odmel &
k |
(10.90)
direct _ 1 -t o &gkl 0
Wt =75 1@ '/msak.g 5, Pkl mom g
(10.91)

Jle”r“r'ﬁ =(1- ws )B 7. (10.92)




Beer's L aw

Consider only absorption in downward direction

d||,_ f
-Mm dta,rln’ :||’_mf
Solution
|| - mf (t a|l ) :|| —mf (ta,l ,t)e_ (ta,l 'ta,l ,t)/m

Schwartzchild's Equation

Consider absorption and infrared emissions

di - mt
m dtaT =l -mf-B T
Solution
[ - mf (t al ) =1 -mf (ta,l ,t)e_ (ta,l -la) ,t)/m

1.ta € ~(ta -tg))/md
* mQa,l,t% I’T(tg:J )e ( | I)/ @dtg’l

(10.93)

(10.95)

(10.96)

(10.98)



Two-Stream M ethod

Divide phase function into upward (+) and downward component

o), B o) g
1 p 5 > ]
a0 @ O, muf P51 mmaf, ¢ dmeff ¢ |
,_(1+gak|) (1' ga,k,l)
1 |. +—%1, downwarc
| 2 2
(10.99)

Substitute (10.99) into (10.90)

.;lWS,| (1- b )I+ +Wg| by |-

1l o &g Lp l |
4—a Q Ql|l it Psk, |, mmgf ,f Emef & » i
k 2 %WSJ (1- b| )|_ +WS| b| |+
(10.100)
Integrated fraction of forward scattered energy
1+
1- by = ga" (10.101)
Integrated fraction of backscattered energy
1-

by = ga" (10.101)
Effective asymmetry parameter

S +s
Gal = sal Ya,a,l s,c,| 9a,c) (10.102)

Ss,gl *Ssal *Sscl




Predicted Asymmetry Parameter and
Single-Scattering Albedo

Fig. 10.28 a
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Predicted Asymmetry Parameter and
Single-Scattering Albedo

Fig. 10.28 b
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Two-Stream Approximation

Upward radiance equation (10.104)
D o, well- By - wol. - 5(1- 3gummy)Fe UM
rrldt—+'Ws - +‘Ws—‘4p - 90amng) k£
Downward radiance equation (10.105)
a. 1- b) bly - —5(1+ 3 )re™ /M
-m—= =1 - wsL- b)l. - ws + 7 Zp 1+ 30amny)Fee

Upward and downward irradiances in terms of radiance for two-
stream approximation

F+ =2pm I+ F =2pml.

Substitute irradiances and generalize for different approximations
to phase function

Solar irradiance

dF -

=R - goF - gawske /™ (10.106)
F G v ooF +(1- g3)wsRe U™ 10.106
G 91k * 9o +{1- g3)wske (10.106)

Surface boundary condition (10.108)

] Fee INL+2[Ms solar
F = AF + 1 AeMsFs :
+,N|_ +]]2 % 1NL+1I2 'I\epBT infrared



Two-Stream Approximation

Coefficients for two stream approximations using
two techniques.

Approximation 01 P 93
Quadrature 1- WS(1+ ga)/ 2 Wg(1- ga = 3g§ MMy
m 2my

- - - 2- 3
Eddington ! Ws(j+39a) 1 WS(j, 30a) _aﬁf

Infrared irradiance

dF
—= = aiFi - goF - 2p(1- ws)Br (10.107)

ddit_ =-giF. +goF +2p(1- wg)Br (10.107)



Delta Functions

Quadrature and Eddington solutions underpredict forward
scattering because expansion of phase function is too simple to
obtain the strong peak in scattering efficiency.

--> adjust terms with delta functions

__9
0% T+ g (10.109)
!1' gg !Ws
wg= 5 (10.109)
1- ws0a

t¢= (1- wsgé)t (10.109)



Heating Rates

Net flux divergence equation

gl __1 aQqg Ao 1 TH

Ttg, cpmé dt dt & cpmfa 12

Net downward minus upward radiative flux
JF
m=Q (F1 - Fer jd

Partial derivative term

(10.110)

TPnk é.| [(F-,I k-2 Frj ,k-1/2)‘ (F-,I k+y2 - Rl ,k+1/2)]

Tz Z- 27 L2
(10.111)
Temperature change
DTk » i h (10.112)

Cpnl a Nz




Photolysis Coefficients

Photolysis rate (s'1) at bottom of layer k

¥
Jgpk+y2 = Q4p| pl . k+y2Pagql TYg p!,Td (10.113)

Radiance at bottom of layer k (photons cm™? nm sl s1)

-g |
Il k2 = (11 kg2 et ka2 1078 = (10.114)

Example 10.14.

I =12 W m2inband 0.495 nm < | < 0.505 nm
———> mean| =0.5mm

> Ip| = 3.02 x 1015 photonscm2 s'1




