Radiative
Transfer

LL OF THE information received by a satellite about the Earth and its
atmosphere comes in the form of electromagnetic radiation. It is
necessary, therefore, to understand the mechanisms by which this radiation is
nerated and how it interacts with the atmosphere. Several texts listed in the

ge
Bibliography explore atmospheric radiation in detail. Here we concentrate on
those aspects that are essential for satellite meteorology.

3.1 BASIC QUANTITIES
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FIGURE 3.1. Schematic representation of electromagnetic waves,

The fundamental unit of frequency is the hertz (Hz), or one cycle per
The frequency v is related to the wavelength A by Seconq.

Tfa— EJ
a (3.1)

where c is the speed with which electromagnetic radiation travels and is k

as the speed of light. In a vacuum the speed of light is 2.99792458 x 108 novf'“

In the atmosphere, it travels slightly more slowly, due to interaction b ‘
molecules. With i

The index of refraction, n, of a substance is the ratio of the speed of lighy :
vacuum to the speed with which electromagnetic radiation travels in tha%ht in
stance. At sea level, the index of refraction of air is approximately 1.0003 8‘1:2.
- For
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TABLE 3.1. Radiation Symbols= and Units
Quantity Recommended symbol SI Unit
Frequency
W'aveleng;th 4 =
Wavenumber . =% 1
Radiant energy K g
Radiant exposure Q : 2
Radiant flux - } m
Radiant flux density ({)f E “\;/ m~?2
Radiant exitanc M ;
Irradiance A M s .1
: E W m
Radlance L W m~2 sr]
Emittance s Unitless
Absorptance a Unitless
Reﬂecta.nce p Unitless
Transmittance T Unitless
Absorption coefficient o 11 5k
Scattering coefficient 0’: -
Extinction coefficient o, m~!
Single-scatter albedo o Unitless
Absorption number o Unitless
Vertical optical depth 3 Unitless
Slant-path optical depth R Unitless
Scattering angle U, rad
Scattering phase function p(w,) o}
Bidirectional reflectance Y g "
Anisotropic reflectance factor £ Unitless
Albed A Unitless

* We use primarily the radiation symbols recommended by the Radiation Commission

of the International Association of Meteorology and Atmospheric Sciences (IAMAS)
as described in Raschke (1978).

most purposes, therefore, the speed of light in a vacuum can be saﬁely use.d even
in the atmosphere. However, strong vertical gradients of aFmospher1c density and
humidity result in strong vertical gradients of » (seg Sectlop 3.5.3.). These cause
bending of electromagnetic rays and can cause slight mislocation of satellite
scan spots. . :
Ong also sees radiation specified by wavenumber, «, w.hlgh is the regxproca\
of the wavelength. Traditionally, wavenumber is expliessed in 1m{)ersefcent1meter\z.
. * ample.
ati ' - length has a 667-cm™" wavenumber, for ex
Radiation with a 15-um wave ! mocr 3
Since wavenumber is inversely proportional to wavelength, it is directly propor
' frequency. L T . g
ona SO ly erty of electromagnetic radiation is that it can transport
A i d to quantify electromagnetic radiation are based
cnerzy. MESIES b qized in Table 3.1. The basic unit of radiant
on energy.' These units are summar

I ject appears to
: ' he lumen and the candela, are based on how bright an object app
e~ d in satellite meteorology.

the human eye. These units are no longer use
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energy per unit time, measureq -
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energy is the j ey
[W; joules per Sec?;;uany normalized by surface ar .
It is measured, of course, 1In watts per is

S
qllarQ

incgnvenient; it i§ e
radiant flux -Czroslszlgfﬁant flux density 1is SO 'frequentl'y used.that it is Subdjy;
meter ‘(W m h)"h way the energy is traveling. Radiant exitance (M) is radl"ded
ftl(:, ):nj;"gfy‘szllzrgmg from an area, and irradiance (E) is radiant flux deli:iftl;
- ea.
mc;;icf;tg: C,a?:cliriation is a function of direction. The directional (.iependence-
taken into account by employing the solid angle. If one draws lines from tﬁs
center of the unit sphere to every point on the surface of an object, the ats) e
he unit sphere is the solid angle (Fig. 3.3). The solid ang| of
an object that completely surrounds a point is 47 steradians (sr), the area ofet}(:f
unit sphere. The solid angle subtended by an infinite plane is 27 sr. For an g}y; S
with cross-sectional area A, at a distance 7 from a point (A, << r?), the SliCt
ditionally represented by the symbol . ?fl(é

angle is A./r. Solid angle is tra
represents the zenith angle (the angle measured from the vertical or from g,
, and ¢ represents the azimuth angle (Fig. 3.4), then a differene

normal to a surface)
tial element of solid angle is mathematically given by
(3.2)

dQ = sinfdfdep = dudo,

the projection on t

where u = cosé.

Radiant flux density per unit solid angle is known as radiance/and is preferab]
?iﬁm symbol L. Suppose that a small element of surfaceis emiijcfﬁg fa-di\a" .
with radiance L. A question that arises is: What is the radiant exitance thatl(?n
whgt is the total amount of radiation leaving the surface? This question is a, -
by integrating the radiance over the 2 sr above the surface. However nS(\i\f i
gepresents the radiation leaving (or incident on) an area perpendicu;arrat;aré}cle

eam. For other directions, we must W_Ci_ght’ thg radiance by cosf. Therefore, thz

—

Object

Projection of object

Unit Sphere

FIGURE 3.3, Tllustration of a
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FIGURE34. Mathematical representation of a solid angle. [After Raschke (1978), with permission of
the International Association of Meteorology and Atmospheric Sciences.]

radiant exitance is

27 2w w2
M= f L(6,) cosd d0 = | [ L(6,¢) cost sin6 do dep (3.3)
0 1 0 0

b
% sz fg : L) dp. d¢p

(3.4)
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th interval is the sam :
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Hfere,
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interval, 1

In other words,
wavenumber

er unit frequency Of

Siz?r (}:f t}rfolgitefrlrxicllsa;mental radiation unit for satgllige meteorology ig &
Chromeatic radiance, which 1 the encrgy per unit time per unit Wavelezno‘
(frequency, wavenumber) per unit sghd angle crossing a unit area Perpendicy),
to the beam. The reason radiance is most fundamental is that the basjc Satelr
lite instrument, the radiometer (see Chapter 4), hgs - detect'o%— Of_a Certain are\
whose output is proportional to the energy per unit time str1.k1r‘1g it. Further, tha
sensor is usually at the focus of a telescope whlch. cqllects radiation from a Cel’ta'e
diation of only a certain narml:

solid angle and which has filters that pass ra
range of wavelengths. Normalizing the sensor output by area, solid angle, , i
wavelength range results in a quantity that is most closely related to monochrg

matic radiance.
Radiance also has the useful property that it is independent of distance frop,
an object as long as the viewing angle and the amount of intervening matter are
tellite viewing a small object. The irradiance reaching

not changed. Consider a sa \
the satellite from the object will decrease inversely as the square of the distance

of the satellite. However, the solid angle of the object subtended at the satellite
will also decrease inversely as the square of the distance of the satellite. The
radiance of the object as viewed by the satellite, which is simply the irradiance
divided by the solid angle, is, therefore, independent of distance. Of course, if
the object were at the Earth’s surface, its radiance measured at the Earth’s surface
would be different from that measured at the satellite, due to the intervening atmo-

sphere.

3.2 BLACKBODY RADIATION

All material above absolute zero in temperature emits radiation. Explaining
the nature of this radiation was one of the chief problems facing physicists in the
nineteenth century. As usual, though, nature guards her secrets. If one looks at
two different kinds of material, each at the same temperature, one finds that the
radiation being emitted by them is different. This led physicists to invent the
perfegt emitter, known as a blackbody, which emits the maximum amount of
radiation at each wavelength. Although some materials come very close to being

perfect emitters in some wavelength ranges, no real material is a perfect blackbody.
Fortunately, the radiation inside a cavity whose walls are thick enough to prevent
a}ily radiation fron} passing directly through them can be shown to be the radiation
Et }?:ovlro}l:ﬁn bitl imlltted }kl)y a .blackbody. By observing the radiation inside cavities
e 8 i all holes) physicists knew,.by the late nineteenth century, the empiric?
ionship between blackbody radiation and the two variables on which it

depends: temperature and wavelength.
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3.2.1 The Planck Function

In sealrcl_nng for a theor?tical derivation of blackbody radiation, Planck? mad
the}:‘evo B e nrion ,that an oscillating atom in the wall ,of a cavi e
exlci Caimge energy with the radiation field inside a cavity only in discrete bx?;lcclil;
Ra € g}ldﬂtﬂ given by AE = hfz, where b is known as Planck’s constant (see

ppendix E). With this assumption, he showed that the radiance being emitted

by a blackbody is given by

=
By\(T) = Ll > £3.7)

: i3 :
WhtR s ltzmanp s” constant (see Appendix E), and T is the absolute tempera-
L Equatlon 3.7 is known as the Planck function; it earned him the Nobel
Prize in 1918. The Planck function is more conveniently written as

BT =—A . (3.8)

©

exp (}\T) -1-
where ¢; and ¢, are the first and second radiation constants (see Appendix E).
Since the radiance from a blackbody is independent of direction, the radiant
exitance from a blackbody is simply 7B, .

- Figure 3.5 shows B,(T) plotted versus wavelength and temperature. Itis import-
ant to note that B,(T) is a monotonically increasing function of T. For a particular
wavelength A = A, if T} is less than T, then By(T) is less than By(T,). B\(T) is
not monotonic in A. For any temperature T, By(T) has a single maximum at a
wavelength that may be determined by setting the partial derivative of B,(T) with
respect to A equal to zero. The result is known as Wein’s* displacement law:

A, T =2897.9 umK, (3.9)
essed in micrometers) of maximum emission for

ressed in kelvins). Wein’s displacement law
the Nobel Prize for it in 1911. The

where \,, is the waveleng
a blackbody at
was discovered en
dashed line in Fi

Another
The total rad

integral over wavelength.

(3.10)
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PLANCK RADIANCE (W m2sr! um)

100
TEMPERATURE (K)
FIGURE 35. (continued)

where o is called the Stefan—Boltzmann constant (see Appendix E), and Eq. 3.10

is called the Stefan—Boltzmann law.’
Finally, we would like to discuss a useful approximation to the Planck function.

At millimeter and centimeter wavelengths, for temperatures encountered on the
Earth and in its atmosphere, ¢,/AT << 1. Thus exp(c,/AT) can be approximated

by 1 + ¢,/AT. The Planck function then becomes

B\(T) = Z—: Nl (3.11)

This is known as the Rayleigh—Jeans® approximation. It says that in the microwave
portion of the spectrum, radiance is simply proportional to temperature. In fact,
in the microwave region, it is customary to divide radiance values by (c,/¢c,)\™*
and to refer to the quotient as brightness temperature. Brightness temperature is
also used in the infrared portion of the spectrum, where it is known as equivalent
¢. However, equivalent blackbody temperature must be

blackbody temperatur
found by inverting the Planck function rather than by simple division.

Austrian physicist, 1835-1893, who discovered it by observing the
who demonstrated it using thermodynamics.

English physicist, 1842-1919; and Sir James
1946.

5 Named after Josef Stefan,
cooling rates of hot bodies; and Boltzmann,
¢ After John William Strutt, 3rd Baron Rayleigh,
Hopwood Jeans, English mathematician and astronomer, 1877-
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3.2.2 Nonblackbodies

' | material is not perfectly black, a way must be devised 0 qug

: a ¢ ] : 21 . ‘A / ¥ ” . ‘
25 . hates a blackbody. The emittance of a body i def hif,
how closely it approximate: | ney
emitted radiation at A ;

B\(T)

g =

(2

.1

&l
Emittance can be a function of temperature and viewing geometry ,q &
mittance X

avelength. Fora blackbody, &, is identically one. Three related quantitie
W .

faont 5 descri,
the fate of radiation incident on a body: ¢
absorbed radiation at A
@, = absorptance =4 o fon at A G134
reflected radiation at A
R I incident radiation at A ”J%h,

i transmitted radiation at A F.\f

= transmittance = ——— T . :

A incident radiation at A {3-1%, ot
. al

Because these three processes are the only possibilities for the incident ra

by energy conservation, each quantity must be between zero and one,

diati()n,7 I

and :
o, oy tr=1,

(3.14)
Kirchhoff® discovered that a body is exactly as good an absorber as it is an
emitter.” This is summarized in Kirchhoff’s law: :

a,=g,. (3.15)
This law applies only to material that is in local thermodynamic equilibriym,
which means that it can be characterized by a single thermodynamic temperature.
This is a good assumption below about 100 km in the Earth’s atmosphere. Above

100 km, collisions between molecules are rare enough that different chemica

species can have different thermodynamic temperatures. For most satellite meteo-

rology applications, however, the Earth’s atmosphere can be considered to be in
local thermodynamic equilibrium.
Since the emittance of a blackbody is by definition one, its absorptance must
also be one; that is, a blackbody, in addition to being a perfect emitter, is also a
perfect absorber. It therefore appears black, thus the name blackbody.

The emittance of real materials is enormously variable. Shown in Fig. 3.6 is
the emittance of two materials used in the Suomi radiometer discussed in Chapter
it Th§ bla.lck. pamnt is supposed to approximate a blackbody by absorbing all
radiation incident on it. Anodized aluminum looks like flat white paint. It is

supposed to reflect solar radiatio

n andr absorb infrared radiation emitted by the
"We will not consider Ra

‘ man scattering or fluorescence, in which radiation is absorbed at one
wagelength and reemitted at another. : sy
; lfslsllslta“, Rogert Kirchhoff, German physicist, 1824—1887.
fing the contrary can be shown to violate the second law of thermodynamics.
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ormalized Planck curves representing solar radiation (5800 K) and terrestrial radiation (260 K) are
shown. (Do not be deceived by these normalized curves, The sun’s radiance is larger than the Earth’s
av every wavelength.) [Adapted from Smith, W, L. (1985). Satellites. In D. D. Houghton (ed.),

Handbook of Applied Meteorology, Copyright © 1985 hn Wil T 1 ;
permission of John Wiley & Sons, Inc.] gh » John Wiley 8¢ Sons, Inc. Reprinted by

Earth and its atmosphere (terrestrial radiation). The difference between measure-

ments made with instruments coated with these materials is related to the amount
of incident solar radiation,
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through it. e
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Terms A and C remove radiation from the beam and are known ag deP’etio,,
rce te

terms. Terms B and D add radiation to the beam and are known r;ls sou
' i intensity o iati iy
Beer’s law” states that the rate of decrease in the intensity fadlgtlon -

tion, Te (Ff*

(8]

dium is proportional to the intensity of the radia
passes through a me () is the volume abSOrPtion f
i 5}

- here o
A, therefore, takes the form —o,(A\)L,, w alA)
coefficient and is equal to pB,(\), where p is the density of absorber and B () i
the mass absorption coefficient.'! If Beer’s law is integrated over a finite depth

(3.17)

of absorber from a to b, then
b
L, = L exp ( — f o\ ds ),

a
where s is distance along the path and L, is the radiance incident on the absorber.

If there were no scattering, the transmittance (Eq. 3.13c) would be

7\(a, b) = exp (— f baa(h)dS) ; (3.18)

and the absorptance (Eq. 3.13a) would be 1 — T

The emission with which we will be concerned is Planckian emission. Since by
Kirchhoff’s law a material is as good an emitter as an absorber, term B takes the
form +o,(A)By(T). :

W Term C takes the

Scattering of radiation out Qf thgv ‘
form —a.s()\)L)d th;rc " A) i bﬁ i cient. \h
% L other directions that

Finally, Termlj : _A
: ct that all directions

is scattered into the |
must be considered. |
specified by the an

Te

10 After Wilhel
the French math
Lambert’s law),

H g, has SI 1
units of m? kg'



3.3 The Radiative Transfer Equation 59

where (8°,¢') repres : ! ’
Presents the direction of incoming radiation, and i, is the scattering

angle (the angle between 6, ¢ and @', ¢'):
cos¥, = cos@ cos@’ + sind sind’ cos(d — @')-

(¥,) is called ;
fadfad:)r(;a fromth;i S, | ,be’“; function. Basically, it tells what portion of the
rection (6',¢’) is scattered into direction (0,é). p(,) has the

property that

(3.20)

| 2z rw
5 ]0 fo p(,) sing’ do’ d’ = 1. (3.21)

:)1;?;83 ;s;;r:l;iic scatter?lr, p(¥,) = 1.) Term D can be thought of as the product
m“; 2 ‘omns; onally weighted average [ p(¥,) is the weight] of the radiance
Term D = o (A){L)), (3.22)

where
(3.23)

r e 1 2' il r r -4 ’
wy=zz] jo L,(6',0") p(,) sind’ do’ doy'.

: C?mbining all terms, the radiative transfer equation for nonpolarized radia-
tion!? becomes
dL, _
.M L, (0,0) — o (N)Ly(6,9) + o,(N) B,(T)

ds
(3.24)

o‘S(x) o ] r = ’ ’ r
+ ZOL [ 71,00 D) sing' do ds
This is a very complex equation. It is useful to examine its physical meaning

before attempting to solve it.
Substituting Eq. 3.23 and rearranging slightly, the radiative transfer equa-

tion becomes ‘}
Ly) — L\(6,9)). (3.25)
Consider a bez mospheric layer on its
way to a of Eq. 3.25 represents
layer is transparent
o ,(N) 1s not zero,

¢ 1n the
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The radiative cransfer equation can be formally solved. Since we wi]]
the formal solution, W€ refer .readers t
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used in satellite meteorology. . :

The first two terms 0% the right-hand side of Eq. 3.24 can be comp;

lned
to

form —UC(A)LA(0,¢), where

o Goody and Yung (1989) fo, r;zt g

ral simplificationg thad er

o.(\) = o,(A) + o(A) 3
.26)

me extinction coefficient.
divide the radiative transfer equation by the exti
tlncti()n

w variable, 8, the slant path optical depy,

is called the volu
It is convenient to
coefficient and to introduce a ne

851(51 352) e fsz O-e(A,S)dS- (3 3
. 7)

S1

| variables are known as a function of height z ragy,
at €r

Because most meteorologica
we will use the vertical optical depth

than of slant path s (Fig. 3.8),

au(err) = [ oDz 328
-28)

21

Since the Earth’s atmosphere is thin 1
. phere is thin in i i :
e o ontical A L comparison with the radius of the Earth,

6 '(z]_ ’ZZ

Oylsissa) ===

L
ol (3.29)

Transfer —

where
to.s,
depth

an¢



3.3 The Radiative Transfer Equation 3

\\‘hf\m p'is tl’ft‘ cosine of the zenith angle 6, z, corresponds to s,, and z, corresponds
3’ *:l; \:: will use the symbol 3, without arguments to mean the vertical optical
ept tween the surface and level z, that is, 8, = §,(0,z), and therefore,

"Sk = a-ed; = #0}(3‘3.
Two additional definitions are useful. The absorption number, &, , is defined as

- A
&, = %ET; (3.30)
and the single-scatter albedo, @, is defined as
o = T
i = 2 (3.31)

With these definitions, the radiative transfer equation becomes

dL - 2w 1

st = - o (I)_ ’ ’ ’ '

nage = L0 + &B(D) + 22 [ | L4 p)de s (3.32)

Note that we have substituted u for cosf in this equation, as is commonly done.
Now we are ready to simplify and solve the radiative transfer equation. We

will explore two common simplifications: the no-scattering case and the no-

emission case.
3.3.1 No-Scattering Equations
A common assumption is that scattering is negligible. Thisisa good assumption

in the infrared portion of the spectrum in the absence of clouds. If there is no
scattering, the single-scatter albedo is zero, and the absorption number is one.

The radiative transfer equation then becomes

u-j,%= _L,(0,6) + By(D), (3.33)
34 Schwarzchild’s equation.3
Wb.ldl is known as : -:":‘ Cbﬂleabsenceofscattering) canbe

juation. Since Schwarzchild’s
| equation, its integration is

r. because the result is
logy. To start, we re-

eq i inear, Ordin: e
3 y the tegrating factor exp(3,/p)/:
(2. 334

The infrared radiance observed by 2

. 639)



(0] FITTIIIITIIIIIII 77777 TTTTTITITI777777777777777
3= 7

Lo
FIGURE39. The vertical optical depth coordinate system.

Using &, as the vertical coordinate (Fig. 3.9), Eq. 31;35 can be integrated from g
Easrut]hg’s Asurface (8, = 0) to the satellite (5, = 5,):

% d 8 aiffe (ﬁ) B(T) %,
[ @)oo st

Because the left-hand side of Eq. 3.36 is the integral of an exact differential, 4
integral is simply

o 80 8 ds
[0 @) 1) - oo () a2 [rew () 2% o

where L, is the radiance reaching the satellite, and L, is the radiance leaving the :
surface. Solving for L,:

5 " @ ds
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() - TA(OaB(\)- Wlth the aid

transmittance between the surface and the satellite is =
1d’s equation has a simple

;::,;it:\cl ﬂ;::‘ll;l\::::‘i:;nt‘lm integrated form of Schwarzchi
Equati says i

sources. The st thmy on e e ot LS 2 el comes from o

g sl c/. r;g;t-l‘\/;;r}fi shlde is the §urface term. L, is the radiance

slong e RN L, o M- 5 7o "1 the transmittance of the entire atmosphere

e i = e satellite. The product is that portion of the surface

radiance which reaches the satellite. The second term is the contribution of the

atmosphere. Since we are not considering scattering,

ds dz
-_A == —— ’
o, (3.40)

that isf, dd,/u is the emi_ttance of the atmospheric layer between 8, and 8, + d3,.
Therefore, B,(T)d8,/u is the radiance emitted in the direction of the satellite by
actor exp[—(8, — 8,)/u] = 7\/* is the slant path transmittance

the layer. The f
the product exp(—(3, — 8,)/u|B\(T)dd,/ is

from 8, to the satellite. Therefore,
that portion of the radiance emitted by the atmospheric layer between §, and

8, + d&, which reaches the satellite. The integral indicates that the contributions

of all atmospheric layers are to be summed.
A useful rule of thumb is that a satellite receives the maximum radiation from

the layer which is one optical depth into the atmosphere, that is, where (5, — 8,)/
u = 1. This rule is exact for the uninteresting case of an isothermal atmosphere

and is approximately correct for other atmospheres.
Note that it is sometimes convenient to use transmittance as the vertical coor-

(3.41)

dinate:
1
L, =Lal+ [ BYD it 9T,
Ty [
For overhead viewing (u = 1),
(3.42)

1
L, =Ly, + | BT dn.

3.3.2 No-Emission Equations s
: Earth nor its atmc phere emits significant radiation at visible or
Neither the HEAEERERE - Wa Planck emission [B,(T)] may

near-infrared wavelengths. " |
be neglected, and th f gy .
. )

in the visible
ble to assume
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The diffuse radiation 1s described by Eq, 43

When the second term of Eq. 3.43 is ullcu\:\lcd1
be considered. Since the sun’s radiatiy
ion (0,,qs®sun)> the direct-beam term ¢y,
ly the diffuse radiance:

where L{* is the sun’s radiance
cosine of the solar zenith angle.
but one correction must be l'n;l'dv.
both direct and diffuse radiation must
comes from essentially only one 'dn'ccl
be taken out of the integral, leaving on

(ll use ) 2m l " [] ’ / /
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i ({8)‘ 477 '
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where Q. is the solid angle subtended by the sun, and y,,, is the scattering angle
between the sun and the observed direction (0,¢). The product L™, is the
solar spectral irradiance, Eu, Equation 3.45 is used to study clouds’ effects on
radiation. It includes the multiple scattering of radiation that occurs in thick
clouds, and it has challenged atmospheric scientists for many years. The reader
is referred to Liou (1980) for a discussion of the ways it has been approached.
A further approximation, which is useful for the study of aerosols (see Chapter

8) and thin clouds, is that only the first scattering need be considered. This is

called the single-scattering approximation, and it is equivalent to neglecting the

second term in Eq. 3.45, which deals with the scattering of diffuse (already

scattered) radiation.
In order to apply the radiative transfer equation, we must have a knowledge

of the absorption and scattering properties of the Earth’s atmosphere, the reflection
properties of the Earth’s surface, and the characteristics of the sun’s radiation.
These will be dealt with in the next four sections.

3.4 GASEQUS ABSORPTION

The study of absorption and emission b s i
: : by gases is the field of spectroscopy, an
old and complex science which was largely explained by quantulr)n mechanics in

the first half of the twentieth century (Herzberg, 1950; McCartney, 1983). Radia-
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tion can interac i e -
interactionzuzlac‘:trﬁ::? :‘ tmf)ﬁphcrlc si’ascs in five ways:. jonization~dissociatise
» ¢ transitions, vibrational transiti 1 it
‘ 3 nsitions, rotat
and forbidden transitions, ’ onal transitions,

3.4.1 Radidtive Interactions

2 2’) (;;:Z:leim())?;d:;i?]i?:;:’: interactions, an elcgtron is 'strippcd frorq an atom
i) a;x Tins o, 5 toll;n ;part. These interactions occur primarily at
iniigy wil it o clengths. Because any energy greater than the thresbo\d

Z ociate a molecule, these interactions produce relatively
smooth spectra (plots of absorption coefficient versus wavelength or wavenum-
ber), unhkc. the spectra produced by the processes described below.

If one divides the absorption coefficient by the number density (number of
molecules per unit volume), one arrives at a quantity with the units of area that
spectroscopists call the absorption cross section. It is a molecule’s effective area,
that is, a measure of how effectively it absorbs radiation. Figure 3.10 shows a
semischematic representation of the absorption cross sections of O;, O,, and N,
in the ultraviolet and visible portions of the spectrum.

All solar radiation shorter than about 0.1 um in wavelength is absorbed in
the upper atmosphere by ionizing atmospheric gases, particularly atomic oxygen;
this ionization produces the ionosphere. Wavelengths between 0.1 and 0.2 um

are absorbed by dissociation of molecular oxygen (O,) into atomic oxygen. Short
of about 0.2423 pum, O, dissociates in the Herzberg continuum. Short of about
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dissociates in the much stronger Schuman—Runge cong;
2 and 0.3 pm 18 absorbed by dissOcia:-\““'h

. . . "

o dissociates in the weak Chaon of

0.1750 pm, O;
Virtually all radiation between 0.
ozone (O;) in the Hartley bands. Ozone also disso '
:on of the spectrum. lonization—dissociation inte i

rily for measuring ozone c();i?io i

Ntry,

bands in the visible port! _
rology prima

are important to satellite meteo
tion profiles. ‘ ,
ransitions, an orbital electron jumps between quantized

of

In electronic t : .
These transitions occur mostly in the ultraviolet and visible port;
to satellite meteorology are the ultraviolet l_;ons,
uggi
ng

levels.
the spectrum. Of importance
ich are used to measure integrated (total) ozone, and 5
1 W
which may someday be ueak
sed

bands of ozone, wh
A band) of molecular oxygen,
y measuring the total amount of O, in an atmosph
Cric

0.77-um band (the
to estimate surface pressure b
he vertical transmittance of the Earth’s atm
Osphel‘e

column. Figure 3.11 shows t
in the visible, ultraviolet, and near-infrared portions of the spectrum
s, a molecule changes vibrational energy states, T,
- These

In vibrational transition
fransitions occur mostly in the infrared portion of the spectrum and are
important for satellite meteorology. They are discussed in the next Sext}'emely
ound in the Earth’s atmosphere, most molecules are in t}elcetlgort; At
und

temperatures fi
vibrational state. The spectrum of vibrational transitions, therefore, is cay
5 ca
he ground state and the first vibrationailsed
ex-

primarily by transitions between t
cited state.
o‘:CIn (otz;ltzofnal transitions, a molecule changes rotational energy state
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ional transit i i i
tional transitions can occur at the same time as a vibrational transition which
complicates the spectrum. Fj ,

re 3.12 sh i .
tively most important atm ospg}l: . shows the infrared spectrum of the radia

b)_' rotational t_ran§mon§ of water vapor. Measurement of water vapor in the
MmICTOWAVe region is an important use of rotational transitions.

Ifmally, forbidden transitions are those transitions which are not caused by
the interaction between the electric field of the radiation and the electric dipole
moment _of a molecule. Some forbidden transitions do, in fact, occur. A meteoro-
logically important forbidden transition is caused by the reorientation of unpaired
ele(ftron Spins in the O, molecule. This results in an absorption band in the 5-mm
region which is used for temperature sounding. Figure 3.13 shows the microwave

spectrum of the Earth’s atmosphere.

Figure 3.14 shows the complete spectrum of the Earth’s atmosphere under
very low spectral resolution. Although much of the spectrum is opaque because
of absorption by atmospheric gases, there are several important areas, called
windows, where the atmosphere is relatively (but not absolutely) transparent.
The most important of these are the visible window, the 3.7-um window, the
microwave windows (2—4 mm and >6 mm), and the 8.5-12.5 pm window. This

=0

=0

TRANSMITTANCE
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FIGURE 3.13. Transmittance of the Earth’s atmosphere in the microwave portion of the Spe
; Ctrum

[Calculated using the model of Liebe and Gimmestad (1978).]

last window is punctuated by the 9.6—um ozone absorption band (Vibrationa\
and it is affected by water vapor absorption. ),
3.4.2 Vibrational Transitions 2 ?r:
1S
ology, it j leng
(Fiy

Because vibrational transitions are so important in satellite meteor
necessary to consider them in detail. The two chief absorbers in the infrareq
region of the spectrum are carbon dioxide and water vapor. Shown in Fig. 3 15
are the three ways that each molecule can vibrate and the wavelengths (and
wavenumbers) of these vibrations. Not all of these vibration modes are radiatively
active, however. The symmetric stretching mode of the linear CO, molecule, fo;
example, has neither a static nor a dynamic electric dipole moment because the
symmetry of the molecule is maintained. If a molecule has no electric dipole
moment, the electric field of incident radiation cannot interact with the molecule,

shows that there is no absorption at

The infrared spectrum of CO, (Fig. 3.12)

7.46 um. For the same reason, CO, cannot have a pure rotation spectrum. The

lack of an electric dipole moment also explains why the two most abundant gases
re transparent in the infrared.

in the Earth’s atmosphere, N, and &) o
Quantum mechanics tells us that vibrational transitions occur only at discrete

frequencies. These results, however, are for isolated, motionless molecules. In the

Q@

CH, CH,

HO HO €O
-0, —[— 0y —| qzngHfol-ifocqz’ c0: 1P| O | ,' |«—mostly opaque due to HzO_.l HO O

§ol,0
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FIGURE 3.14.  Spectrum of the Earth’s atmosphere. [Adapted from Goody and Yung (1989), with
permission from Oxford University Press.]
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Earth’s atmosphere, absorption lines are

broadened chiefly by collisions, which
distort the molecule and cause it to absorh (or emit) at siightly different wave.
“lengths. Infrared lines are usually modele

d as having the Lorentz lineshape
(Fig. 3.16):
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text). [Adapted from Kyle and Goldman (1975).]
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coefficient, K is wavenumber, k_ is il

< the mass absorption ¢ 3 , y te ol iR
is the m (independent of Ak), and Ak is the halfy,: trg)

, line strength e B g
8 e he collision frequency of a molecule andldth-

where 3,(k)

wavenumber, S is th Saiy &
The halfwidth is proportiona | pressure as Cy The
. rature and pressure & n The
be shown to depend on temperature P | . sciatl
v P La) s At 61
Ax(T,P) = Bk, PNT, (3.45 transi
: ) excite
T is a reference temperature, and P, 1s a reference pressure, The i excitt
whcrcl 0 is ¢ function of temperature and the energy of the lower leyg] (Er Ng abso
strength 5 15 @ i Beste a il Vivias S ' of wel
the trﬁnsiti()n. Four numbers, then, specify Qlch .llnc: Ko ?fn AKO};?EC! E? (McQly,. \\;‘{]‘k
hey et al 1973). If two or more absorption lines overlap, which is usually the g5
che " i : Mot A p ) i -
case, the volume absorption coefficients are summed. Calcllclllatlon of absOrPtio of a
coefficients by this method (the line-by-line metl'y()a').wou not be too difﬁcult to t
except that there are more than 100,000 absorption lines betwefzn 1 and 25 e (
How can there be so many lines with only a few absorbmg gases? Closé tra
examination of the 15-um band of CO, gives the answer. Figure 3.17 shows o
what serves as a high-resolution spectrogram of CO, 1n'the wavenumber rap : rot
600—740 cm~! (16.67—13.51 um). The bending que v1brat1.ona1 transition g ot!
curs at 667.40 cm~! (14.98 um). Quantum-‘mechanlcal sele'cgon rules, hOWever) 1s
allow rotational transitions to accompany v1brat10nal Fran51t10ns. The Iotatiopg| W;
quantum number ] may change by +1, forming the higher frequency R bray,. ?)
. S ’ |
0, forming the central Q branch; or —1, forming the lower frequency P brgyj,
In addition, the energy of the Jth rotational state is proportional to J(] + 1), The b
difference between the J and | + 1 energy levels is therefore linearly related tq ] |
¢

Since many excited rotational states are populated, the P and R branches consig
of a series of equally spaced lines, the strengths of which are related to the number
of molecules in the Jth state.

The spectrum is further complicated by the presence of isotopes that vibrate
at slightly different frequencies due to differing molecular masses. The dominant
form of carbon dioxide in the Earth’s atmosphere is C!?03¢. At 649 and 662
cm™, the Q branches of isotopes C*03° and C?0'%0Q8, respectively, can be
seen. The less intense P and R branches of these isotopes are masked by the

120116 :
C'“0;° spectrum. Other, less abundant isotopes are also present.

10 . 2
% i
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WAVENUMBER (cni')

FIGURE 3.17. ' gl
bending]Z/inS;;;C;l gzn:ism;taélce of the atmosphere above 40 km. The P, Q, and R branches of the
¢ of CO, can be seen along with absorption due t:) isotopes of CO, (s¢¢

24



of absorption lin
4 €s, even though only a handful of atmospheric gases contribute

j(l)l;"t‘;iltlhfi;f;ﬂzzlt;zncg dOf the entire atmosphere. Near the surface, the individual
cher. Second, Figx o 'erably broadened (Fig. 3.16) so that the;r overlap each
other. ¥ 1. 3.12 is what s called a low-resolution spectrum. The :
1S ave;‘fage Pyetr a.pas§band and therefore appears smooth. The .results pefcglum
two effects is that in Fig, 3.12, only the envelopes of the P. Q, and R boran }ense
of absorption bands are discernable. Note also that not all,mc;lecules haveca eQS
brapch. Ozgne, for example, has a bimodal absorption band centered at 9.6
wh;\ch consllsts of the envelope of its P and R branches -
complete compilation of vibration—rotation line.s important for i
meteorology has been made by the U.S. Air Force Geophysics Il?aboratory (;ﬁg:::
chey ez.‘ al., 1973) and an optimized computer codes to calculate atmospheric
transmittances have been written, for example, FASCOD (Clough et al., 1982).
Readers who need to do line-by-line calculations are advised to obtain one of

these codes.
Vibrational transitions are the basis of temperature sounding and measurement

of a wide variety of trace gases in the atmosphere. The 15-um and 4.3-um CO,

bands are used for temperature sounding. The 6.3-um H,O band is used for

water vapor measurements. The 9.6-um band of ozone is used to make total
ant gases have been measured in the

ozone measurements. Several other import
stratosphere using vibrational transitions. Among them are NO, N,0, NO,,

HNO;, HCl, HF, CH,, CO, and CO,.

3.4.3 Practical Problems

Two problems a:
meteorology. First, th
known. Calculated ¢
ments only to wi
retrievals, for ex

The second pi
at a single wav

data in satellite
‘are not perfectly

Jaboratory measure-
ors in temperature

ctly only valid
r, is about 20
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h includes several lines. Calculation of ¢,
requires the calculation of l‘aéi ianQE
a

d by integration over the passbancg ay
of

cm~! wide (see Chapter 4), whic
would measure

that a satellite radiometer
many closely spaced wavelengths followe
the radiometer channel: A
[ Lafodx
A
e o X

" £00) d

Lmeasured e

ponse function of the radiometer channel. Even with 2y
st
Ne.

h as FASCOD, these calculations are too time consypm;
applications. Instead, one turns either to bang rrl1ng 0
Odel

S

where f(A) is the res

by-line routines suc

be of practical use in many
or to polynomial expansions.

In a band model the transmittance of a

is calculated at one time using an appropriate parameterization, which is g, :

ally

based on fitting line-by-line calculations to a function. Goody and Yun ‘
Chapter 4) explain several parameterizations. The LOWTRAN COmpu%e(rl989,
<:()de

(McClatchey et al., 1972; Kneizys et al., 1983), in which transmittance ay
over a 20-cm~! band is calculated, is an example of this type of model Crageq

In polynomial expansions, the atmosphere is divided into layers. For each

and for each channel of the radiometer, transmittances are calculated linecb 1‘?‘).’er
for a variety of temperatures and humidities. Polynomial functions of tem e
and humidity are then fitted to the transmittances. To calculate the tran Perature
of the atmpsphere from a particular level to a satellite, one uses an essginlttance
atmospheric temperature and humidity and calculates the transmittan e
layer. The total atmospheric transmittance is the product of the laye ce of ¢a§h
tances. Polynomial expansions are used extensively in satellite soungirfgtE:;sHMuL
C-

Millin and Fleming, 1976).

n atmospheric layer in an entjre b
ang

3.5 SCATTERING

Radiation scattered from a particle is a function of se i
; $ : ; v i .
22131;:(; Iﬁ;ﬁ 31zee, partlclli index of refraction, wavelength ‘e’?flag':;?ig;ﬁ lzlilr(tllclef
describ’e electrir;gla;::ttizy.radlir;tgr? 8t1c\)/1:‘.ile7 applie? l\dalxwen’s18 equation,s, WﬁiCh
incidens O , to the case of a plane electromagneti
the sphere) is tﬁgl;z;egl; faclir'-ﬁ?ld radiation (that observed at man};g ratdici z?)t;
Mie showed that for a s hra- la]tlon. [ee Liou (1980) for this lengthy derivation]
only viewing A pherical scatterer, the scattered radiation is a function of
g angle, index of refraction, and the size parameter deﬁnednacsmn

27y
X = —
' See van de Hulst (19 - ot
e ulst (1957) for a th : :
G . - thorough discus : -
. Jaﬁiivcﬁi’ ﬁeamxwalﬁ physicist, 18681957, B parices
xwell, Scottish mathematician and physicit, 1831-1879

Chapter 3 Radiative Transfer

whert
scatte

351

the
witl
equ
The
Mi
inf

be
hc

at
SC
<



3.5 Scatterin 7

where 7 is‘ the radius of the sk :
scattering into three regimes (l?ig?r;'lg)he o

351 Mie Scattering

For size parameters in the rap
3 ge 0.1— i
the circumference of the particle are coig, thebwavelengtl} of the radiation and
with the particle, and, therefore, the funp;;a le. Radiation strongly interacts
equations have been applied extensively to th‘: ;quat}ons must be used. These
The study of aerosols (smoke, dust, Base etec.n%n of rgmglrops by Fadar,
Mie regime. Also in the Mie regime is the intf;g visible radiation falls in the
infrared radiation. raction of cloud droplets with
complete discussion of Mj e :
A }I: g _Mie scattering is outside the scope of this book
because the S(l_:)a e dequfatlons are very complicated. Insight into the results
er, can be gained as & S
how}fv 3 I,1 bt ofg R ollow§.llf the volgme absorption coefficient is divided
by t ef e thg Partic €S per unit volume and by the cross-sectional
area of each scatterer, the result is the scattering efficiency (Q,) for a single
scatterer. .Qs 1S the' ratio of tl}e total scattered radiation (regardless of direction)
to the incident radlauon.. QS is a function of the size parameter and of the index
of refraction of the particle.
~ Many substances absorb radiation as well as scatter it. This can be conveniently
taken into account by letting the index of refraction become a complex number
m=mn—in', (3.50)
where #, the real part of the index of refraction, is as defined above, and #’, the
imaginary part, accounts for absorption inside the scatterers. Figure 3.19 shows
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¢ : d ice. [Plotted from dat. :
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FIGURE 3.19. Imaginary part lrvip,
and Pollack (1968).]

gth for water and ice. In the visible portion ofd
spectrum, 7’ 1s negligibly small, but in thg infrared it becomes significant.
Figure 3.20 shows the scattering efficiency for water dr(?ps (n = 1.33) 4 .
function of size parameter for seveFal values of n'. Scattering CfﬁCl.ency in the
Mie regime is quite clearly a complicated functlgn. In clouds, there is usually ,
distribution of drop sizes. Suppose that N(r) dr is the number of drops per unj;
volume in the radius range 7 to r + dr. If the scatterers are sufficiently far
apart (many wavelengths) that they act independently, the scattering coefficiep

n' as a function of wavelen

is given by

o) = [ 7rQN(rdr a5

Integrati
case, it 1
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lntegri:::stol;’:r thedséﬁe distribu.tion smooths the scattering efficiency. In any
case, | noted that scattering is a much smoother function of wavelength
than is gaseous absorption.

o e Size parameters. As the size parameter increases, the
phase function becomes strongly peaked in the forward direction; relatively little
ward the source of the radiation. ‘Finally, we note

that in general scattering polarizes radiation; in some applications polarization

must be taken into account,

3.5.2 Geometric Optics

For x greater than about 50, the sphere is large in comparison with the wave-
length of radiation. This is the realm of geometric optics, where rays, which are
reflected and refracted at the surface of a scatterer, can be traced. Ray tracing
can be used with scatterers that are nonspherical. As shown in Fig. 3.18, the
interaction of solar radiation with virtually all types of hydrometeors falls in this
regime. A wide variety of optical phenomena such as rainbows and halos can
be explained with geometric optics. The interaction of infrared radiation with

precipitation-size particles also falls within this regime.

T RADIATION

FIGURE321. Polar pl
for several size
for
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76 shows that the scattering efficje,, ~

ig. 3.20 -

. spheres, Fig- : ases. Not onl 3s
For nonabsorb}igf zpas the size parameter 1ncre ol b 5(’){“ the r, iz‘t‘,‘p.
ot afl)pr(;?ickes the drop scattered, but an eq Fadiatiq,, " \on
that directly $

% : S n
he drop is refracted around it. Since the refracted radiatiop, Cha;hat
ar the dro

where N
‘d:ﬁ‘?cisiolz it has been scattered. % of the g:
35.3 Rayleigh Scattering : . : where
For x less than about 0.1, iny the first term in the Mie equationg Mmyg; by air the
considered. The scattering efficiency bjconzles 1 :
0. 4 cc el® 1 8
=3+ 2 3.5 Liou
. ~ ion. Because the particle ig ;
here m is the complex index of refraction e the particle is snyifh
X)rrflr;rison with the wavelength of the radlatlon'2 Rayleigh scattermg 1s msenitiTe
to particle shape; Eq. 3.52 works for nonspherical as Well as spherical Particles whe
‘Because of the x* dependence, scattering becomes negligible for x less than 193 e pfl
Air molecules act as Rayleigh scatterers for visible gndylt;gy}g‘lct radiatiop Ray
The scattering coefficient for air molecules should be simply . 8
: i be
jo— wrZQSN,_ : (3.53) s
where N is the number of air molecules per unit volume. However, this formuly r(m
can be made more useful and more accurate as follows. First, we multiply by a S‘
factor f = 1.061 to correct for the anisotropic behavior of air molecules, Second :
we note that the index of refraction of air is very close to one, and if only scatteriné &
is to be considered, only the real part of the index of refraction need be used,
Therefore, m?* + 2 =3, andine =1 =GRS 1) ~ 2(n — 1). Substituting v
these and x = 2m7/\ into Egs. 3.52 and 3.53 gives 1
; ‘ ¢
327 % » (4 1'3 4 |
o el SN, 5
% 2l ( 5 3.54

Third, the volume of
occupies, this volume
per unit volum,

ince air fills any volume that it

| of the number of scatterers

(3.53)
Finally, both Jov o s, | :
ideal ga whip o e pheric density p. For an
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where N, is Avogadro’sw Numbe
i

mb
of the gas (28.9¢¢ kg kmo] -1 I

where p, and , are the sea
air then becomes

scattering by air molecules (see Section 8.5 ). Rayleigh scattering of air molecules
must also be taken into account when making ultraviolet measurements of ozone

(see Section 6.5).
The Rayleigh scatterin

g phase function for unpolarized incident radiation is
given by

pRayleigh (lps) 5 %(1 r COSZU,US), (360)

where i is the angle between the incoming and the scattered radiatiog (Fig. 3.21).
It is important to note that unlike larger particles, Rayleigh ,partlcles.scat_ter
equally well in the forward direction (, = 0°) and the backward direction
(4, = 180%, T EEERE— £
MlsRayleigh particles, for example, cloud droplets, can also absorh radiation. The
Rayleigh absorption efficiency is given by

s m = 1) 3.61
;.’_Qa=4'xlm(mg+2)’ ( )

ies with x while Q, varies

with x* absorg
have even the s

19 Amed
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of atmosphere. 'ln a cloud, for exl to th,
lets i pmpurtmnlal to the “‘luidaa,lmc,
to Ray 4=:lSt in the microwave region where ¢ -(."]'Id drople, ab,:t@t
is is important . measurements, the vertically integrageq "
ted (see Section 8.3). uig

er
ume of scatter] i loud drop

354 Clouds

Because clouds play a large rolle tmr
understand in a general way the inte

' ter drops or ice crystals wit le ' 5
:‘Z?;lizgifi vov? 100 ,u,ll; have significant fall speed and constitute drizzle, 1y,

: 3 0 wm (1 mm) are raindrops. Clouds have drop concentryy;
it i o 3 tha s, the drops are on the order of 1 mm apa,
In the visible portion of the spectrum (A ~ 0.5 um), cloud drops are geomey
scatterers; therefore, the scattering efficiency is approximately 2. The scatter
coefficient, then, is ~0.1 m~". A photon’s mean free path (the average distance
between scattering events) is the reciprocal of the volume scattering coefﬁciem’
or ~10 m. Therefore, a cloud only a few tens of meters thick is sufficient ¢,
scatter all of the visible radiation incident on it. Since liquid water does not absog,
visible radiation well, very little of the radiation is absorbed; most emerges frop
the cloud somewhere after being scattered many times. Welch et al. (1980), fo
example, have made calculations for a 2-km-thick stratus cloud with thc’ sun
fiirfactly over h_cad (Table 3.2). At 0.55 um, the cloud absorbs only 0.2% of
incident radiation; 79.8% is scattered out the top of the cloud, and 20.0% is
scattered out the bottom of the cloud. Since clouds have a distribution of drop
sizes and the size parameter is large, all visible wavelengths are scattered nearly

satellite meteorology, it is imp"ftant
action of clouds with radiation, ¢
h radii on the order of 10 ym, tou;i;:

TABEA2, Calculated Radiative Properties of a 2-km-thick Stratus Cloud
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all 1.
equally well. Clouds therefore appear white. Solar radiation extends into the
near

ed, absorption due to water

spectrum, Welch et al. (198 ater. Averaged over the solar

0) calculate that th
73.8% out the top of the cloud at the cloud absorbs 10.0%, scatters
i ud, and scatters 16.2% out the bottom of the 2-km-

In the 8.5—-12.5-um wi
. . ndow ¢
Sibiciency is roughily NS rang,e Ciousd lc)lr(zl?lets are Mie scatterers. The scattering
- . e u i 1
absorption efficiency is on the order :.)f i 'lIr'lhconftraSt tlo v;lslblf) wavelengths, the
. ey B - I'heretore, clouds absorb nearly all of
theI rllntfﬁzrren?ciici:]atlon incident on them. They act es’sentially as blackbod}i,es.
g sz;rle El_%rtlon of the spectrum (x ~ 0.01), absorption due to cloud
D Srz'att " 1he transmittance of a typical nonraining cloud is greater
b .'th ering is negllglb}y small. Raindrop-size particles, however, interact
strongly with microwave Fafhatlon. Therefore, clouds are nearly transparent in the
microwave region, .but. raining clouds are not. This forms one basis of microwave
detection of precipitation (see Chapter 9).

Cirrus clouds have a higher transmittance than water clouds because ice clouds
have far fewer particles per unit volume than water clouds and because water is
a better absorber than ice. Cirrus clouds can also be vertically thinner than water
clouds. In general thin cirrus clouds are difficult to detect with satellite radiometers
yet their effects are not negligible. They can cause problems in the retrieval oz
atmospheric soundings (see Chapters 6 and 8). The detection of cirrus clouds
with satellite instruments is an area of active research.

3.6 SURFACE REFLECTION

Reflected radiation, particularly reflected solar radiation and reflected micro-
‘wave radiation, is very important to satellite meteorology. Several quantities are
used to describe reflected radiation. The most basic is the bidirectional reflectance,
y,, which is related to the fraction of radiation from incident direction (6;,d;)
that is reflected in the direction (6,,¢,). Perhaps the best way to define it is to
write the formula for the radiance reflected from a small element of surface:
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Chapter 10).
Probably the 1

is the ratio of rad

sed reflection quantity is the albedo (4

frcqucnt]}}]‘\l/] due to reflection) to irradiance (B Whiqh

most frec
jant exitance

2 /2 e d0 d¢
i L.(6,,;) cost; sinb; db; ag;,

E= f() f“ 1( (b (3_65a)

2m w2 k

cosb, sinf, db, do,,
Gy fo Ll e B.63y
g

iR E (3'65C)

s ratio between zero and one. As defined in Egs. 3.65, i .

Albedo is a unitless rat ' : 5 .
function of neither the incoming nor the outgoing angl'es,' however, this does no
tant. If the incoming radiation changes, the albeg,

ean that the albedo is cons adi . .
m ly understood by restricting the incoming radiation

will change. This is most easi :
to direct-beam solar radiation, which comes from a very narrow range of angles

In this case,
= Lsun‘qun Cosasun b (3663)

L, (0:5;) = Lsun‘qun 08y, ¥e(0:5 &5 Ouns d)sun), (366b)
2@ rm/2 ;
M= Loy €080 [ | ¥e(6es be5 Buuns D) COSO, sind, d6, db,, (3,669
OR=()

M 27 /2 :
Awsum ¢sun) = E = j;) jo 7r(0r> d)r; esun> (bsun) C050r smOr d@r dd)“ (366d)

where ), is the solid angle of the sun subtended at the Earth. Since the direction
of the sun remains in the equation, the albedo is a function of solar direction.
As an example of reflecting surfaces, two limiting cases are useful. A Lambertian
or isotropic reflector reflects radiation uniformly in all directions. If its albedo is A
then its bidirectional reflectance is a constant A/r. Flat white paint approximates;
perfect ({1 = 1, independent of wavelength) Lambertian reflector. A specular
reflector is like a mirror; its bidirectional reflectance is strongly peaked. Solar
radiation from a perfect specular reflector would be observed only at the.zenith
angle equal to the solar zenith angle and at the azimuth angle equal to the solar
azimuth angle plus 180°. Water surfaces are similar t gl ; t
that real water surfaces are always somewh i e A
blurred and larger than the sun This i b rougb, el rctecton -
- hus 1s called sun glint or syn glitter (see Chap-
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TABLE3.3. Albedo (%) of

Various Surfa Int
over Solar Wavelengths= i

Bare soil 10-25
Sand, desert 25-40
Grass 15-25
Forest 10-20
Snow (clean, dry) 75-95
Snow (wet and/or dirty) 25-75
Sea surface (sun > 25° above ho- <10
rizon) 10-70

Sea surface (low sun angle)

? Adapted from Kondratyev (1969) by Wallace and
Hobbs (1977).

then the ratio is taken. Readers of the literature should be careful to determine
whether ““albedo,” in particular, refers to a monochromatic quantity or to one

integrated over some passband. The albedo of various surfaces, integrated over
solar wavelengths, is given in Table 3.3.

A function closely related to albedo and

bidirectional reflectance is the aniso-
tropic reflectance factor

§e(0rs®e5 0,81) = ¥, (6,,b,5 0,,b). (3.67)
Suppose a non-Lambertian surface has albedo A. £, compares the radiance from
the surface to that from a Lambertian surface also with albedo A5 it is greater
than one where the surface reflects more than a Lambertian surfgce; 1t.1s.1ess .than
one where the surface reflects less than a Lambertian surfa.ce. Since bldlrecponal
reflectance is usually applied to solar radiation, it is convenient to use the azimuth

angle of the sun as the reference azimuth. ¢, is therefore usually written as
£(6,5 O.nsD: — Dot iEHECISE IS RGWERS fog:.f,our surfaf:es: snow, cloud, lapd,
and ocean. Note that although isotropic reflection (¢, =~ 1) is not a bad assumption
in some cases, sun glint is evident in the water refllectej..» Most Eﬁafs gclllewzltte

ioni ymbertia faces at low solar elevation angles (high solar
significantly from Lamberti faces at lov o 20 §
zenith angles). Finally, note i @ fhat for any incident
direction (6, ,®sun)

This equation is 1
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therefore, they both absorh and
lengths. After ieavmg the solar atmosphere, the radiation travels (on average) the
1.49598 X 10% km to Earth. Because the solid angle subtended by the sun at the
Earth 1s so small (6.8 X 105 s1) solar radiation all comes from essentially the
same dlI‘CCCIOIl.. It IS customary, therefore, to use solar irradiance rather than solar
raqlance. Thc? irradiance reaching the top of the Earth’s atmosphere is the radiant
exitance leaving the top of the sun’s atmosphere times the square of the ratio of
the radius of the photosphere to the Earth—sun distance (L., Q.. ). The radiation

tion in the atmosphere. Figure 3.23 shows the solar spectral irradiance reaching
the top of the Earth’s atmosphere and that reaching the surface. Shown for
comparison is the spectral irradiance which would reach the Earth if the sun were
a 6000-K blackbody.
Solar irradiance reaching the Earth peaks in the visible portion of the spectrum
near 0.48 um, whereas infrared radiation emitted by the Earth peaks near 10
_um. The Earth emits essentially no visible radiation; likewise, the Earth receives
negligible amounts of 10 um solar radiation, due to a combination of the sun’s

g
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. a result of thi :
d its very great distance from Earth. As s 1S Separat;g,
temperature and 1 Jiation is often called shortwave radiation, and terrestrig
h, solar ra diation. The separation between solar and terrestriy

in wavelengt
radiation is ca
radiation is not
a 250-K blackb
whose radius is t

Then solar radiation an
5.7 wm. Solar radiation is one tent

iation 1 lar radiation at
radiation is one tenth S0

data must be carefully interpreted near thesg wavelengtl;s.h ot

The annual average total irradiance reaching the top of the Earth’s atmosphey,

is known as the solar constant (Sqn)- Accurate determination of the si)lar Constang
is important for solar physics and astronomy as well as meteoro ogy. Severa|
satellites are currently making measurements of the solar cg)qstant. A “consensyg»
value of S,,, based on satellite radiometer measurements,= IS al‘)‘out 1368”W m=2
(equivalent to a 5774-K blackbody). Unfortunately the solar “constant” is noy
constant. It appears to follow the 11-year sunspot cycle, varying about +0.6 W
m~2 (see Section 10.1). Of course the solar irradiance varies +3.4% from S

during the year due to the eccentricity of the Earth’s orbit about the sun.

Suppose that we represent the Earg, ]

lled Jongwave ra
S
n as a black, 5774-K Sphere

quite complete, however.

e represent the su
ody and that W . : ol :
hat of the sun and whose distance 1S the mean Earth—sun dlstance_

nd terrestrial radiation are equal in magnitude at abony
h terrestrial radiation at 7.7 um, and terrestrig)
4.5 uwm. During daylight hours, satellite
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