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All satellite remote sensing systems involve the
measurement of electromagnetic radiation.

Electromagnetic radiation has the properties of both
waves and discrete particles, although the two are
never manifest simultaneously.

Electromagnetic radiation is usually quantified
according to its wave-like properties; for many
applications it considered to be a continuous train of
sinusoidal shapes.



The Electromagnetic Spectrum
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Wavelengths

Remote sensing uses radiant energy that 1s reflected and emitted from
Earth at various “wavelengths” of the electromagnetic spectrum

Our eyes are sensitive to the visible portion of the EM spectrum



Terminology of radiant energy

Energy from
the Earth Atmosphere

\i)ver time 1s

Flux

\which strikes the detector area

Irradiance

\ at a given wavelength interval

Monochromatic
Irradiance
over a solid angle on the Earth

Radiance observed by
satellite radiometer

\ is described by

The Planck function

can be inverted to

Brightness temperature



Definitions of Radiation

QUANTITY SYMBOL UNITS
Energy dQ Joules
Flux dQ/dt Joules/sec = Watts
Irradiance dQ/dt/dA Watts/meter?
Monochromatic dQ/dt/dA/dA W/m?/micron
Irradiance

or

dQ/dt/dA/dv W/m?/cm!
Radiance dQ/dt/dA/dA/dQ2 W/m?/micron/ster

or

dQ/dt/dA/dv/dQ

W/m?/cm1/ster




Radiation from the Sun

The rate of energy transfer by electromagnetic radiation is called the radiant flux,
which has units of energy per unit time. It is denoted by

F=dQ/dt

and 1s measured in joules per second or watts. For example, the radiant flux from
the sun is about 3.90 x 10**26 W,

The radiant flux per unit area is called the irradiance (or radiant flux density in
some texts). It is denoted by

E=dQ/dt/dA

and 1s measured in watts per square metre. The irradiance of electromagnetic
radiation passing through the outermost limits of the visible disk of the sun (which
has an approximate radius of 7 x 10**8 m) is given by

3.90 x 10%¢
E (sun sfc) = = 6.34x 10" Wm=.
47t (7 x 108)2




The solar irradiance arriving at the earth can be calculated by realizing that the flux is a
constant, therefore

E (earth sfc) x 4nR_2 = E (sun sfc) x 4nR 2,

where R, is the mean earth to sun distance (roughly 1.5 x 10! m) and R is the solar
radius. This yields

E (earth sfc) = 6.34 x 107 (7 x 108/ 1.5 x 10'1)2 = 1380 W m2.

The irradiance per unit wavelength interval at wavelength A is called the monochromatic
irradiance,

E,=dQ/dt/dA/dx,

and has the units of watts per square metre per micrometer. With this definition, the
irradiance is readily seen to be

Q0
E = [E,d\.
0



In general, the irradiance upon an element of surface area may consist of contributions which
come from an infinity of different directions. It is sometimes necessary to identify the part of
the irradiance that is coming from directions within some specified infinitesimal arc of solid
angle dQ2. The irradiance per unit solid angle is called the radiance,

[=dQ/dt/dA/dr/dQ,

and is expressed in watts per square metre per micrometer per steradian. This quantity is
often also referred to as intensity and denoted by the letter B (when referring to the Planck
function).

If the zenith angle, 0, is the angle between the direction of the radiation and the normal to the
surface, then the component of the radiance normal to the surface is then given by I cos 0.
The irradiance represents the combined effects of the normal component of the radiation
coming from the whole hemisphere; that is,

E=[ Icos6dQ where 1n spherical coordinates d€2 = sin 6 d0 deo .
Q
Radiation whose radiance is independent of direction is called isotropic radiation. In this
case, the integration over dQ can be readily shown to be equal to & so that

E=nl.



Radiation is governed by Planck’s Law

c, /AT
BAT) = ¢, /{A>|e -1]}

Summing the Planck function at one temperature
over all wavelengths yields the energy of the
radiating source

E =XBA,T)= oT*
A

Brightness temperature is uniquely related to
radiance for a given wavelength by the Planck
function.



Using wavelengths

C,/ANT
Planck’s Law B(v,T) = ¢,/ N/ [e -1  (mW/m?/ster/cm)

where A= Wavelengths in cm

T = temperature of emitting surface (deg K)
¢, = 1.191044 x 10-5 (mW/m?/ster/cm™*)
c, = 1.438769 (cm deg K)

Wien's Law dB(A,,,,T) / d\ = 0 where A(max) =.2897/T
indicates peak of Planck function curve shifts to shorter wavelengths (greater wavenumbers)
with temperature increase. Note B(A_,T) ~ T**5,

o0
Stefan-Boltzmann Law E = 1| B(A,T) dA= oT*, where 6 = 5.67 x 10-8 W/m2/deg4.
0

states that irradiance of a black body (area under Planck curve) is proportional to T4 .

Brightness Temperature
€1
T = ¢,/ [NIn(——+ 1)] is determined by inverting Planck function
AB,



Using wavenumbers
c,V/T

B(v,T) = ¢,v3/[e -1]

(mW/m?/ster/cm1)

v(max in cm-1) = 1.95T

B(V, oo T) ~ TH*3.
o0
E = n/B(v,T)dv= oT4
0
c,V?
T = c,v/[In( + 1)]
B

A%

Using wavelengths

C, /AT

BOLT) = ¢, /{15[e  -1]}

(mW/m?/ster/um)

A(max in cm)T = 0.2897

B(h ., T) ~ T**5.
o0
E =n/BO\T)dL= oT4
Q)
C
T = ¢, /[ In( +1)]

5B,
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Spectral radiant exitance, M, (Wm~% um~")

Spectral Distribution of Energy Radiated
from Blackbodies at Various Temperatures
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Normalized black body spectra representative of the sun (left) and earth (right),
plotted on a logarithmic wavelength scale. The ordinate is multiplied by
wavelength so that the area under the curves 1s proportional to irradiance.
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Temperature Sensitivity of B(A,T) for typical earth scene temperatures
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Temperature sensitivity, or the percentage change in radiance corresponding to a

percentage change in temperature, a, 1s defined as
dB/B = o dT/T.

The temperature sensivity indicates the power to which the Planck radiance depends
on temperature, since B proportional to T* satisfies the equation. For infrared
wavelengths,

o = c,v/T = ¢,/AT.

Wavenumber Typical Scene Temperature
Temperature Sensitivity
700 220 4.58
900 300 4.32
1200 300 5.76
1600 240 9.59
2300 220 15.04

2500 300 11.99



wawvelength [3.80 |um wavelength | 11.00| pm
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Cloud edges and broken clouds appear different in 11 and 4 um 1mages.

T(11)**4=(1-N)*Telr**4+N*Tcld**4~(1-N)*300%*4+N*200**4
T(4)**12=(1-N)*Tclr** 1 2+ N*Tcld** 1 2~(1-N)*300%** | 2+-N*200%**12

Cold part of pixel has more influence for B(11) than B(4)



Table 6.1 Longwave and Shortwave Window Planck Radiances (mW/m**2/ster/cm-1)
and Brightness Temperatures (degrees K) as a function of Fractional Cloud Amount (for
cloud of 220 K and surface of 300 K) using B(T) = (1-N)*B(Tsc) + N*B(T¢q).

Cloud | Longwave Window Shortwave Window Ts -T
Fraction N | Rad Temp Rad Temp
1.0 23.5 220 .005 220 0
.8 42.0 244 114 267 23
6 60.5 261 223 280 19
4 79.0 276 332 289 13
2 97.5 289 441 295 6
.0 116.0 300 .550 300 0




Table 6.1  Longwave and Shortwave Window Planck Radiances (mW/m**2/ster/cm-1) and Brightness Temperatures (degrees K) as a function of Fractional Cloud Amount (for cloud of 220 K and surface of 300 K) using B(T) = (1-N)*B(Tsfc) + N*B(Tcld).


		Cloud


  Fraction N

		
Longwave Window
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		Shortwave Window
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		.005
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42.0

		244

		.114

		267

		23
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		261

		.223

		280

		19



		 .4

		
79.0

		276

		.332

		289

		13
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97.5

		289

		.441
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		300
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_ N=0.6
8611 N=LU
N=0.4
N=0.2
N=0 |
11-12

Broken clouds appear different in 8.6, 11 and 12 um 1mages;
assume Tclr=300 and Tcld=230
T(11)-T(12)=[(1-N)*B11(Tclr)+N*B11(Tcld)]"!
- [(1I-N)*B12(Tclr)+N*B12(Tcld)]!
T(8.6)-T(11)=[(1-N)*B8.6(Tclr)+N*B8.6(Tcld)]!
- [(1-N)*B11(Tclr)+N*B11(Tcld)]!
Cold part of pixel has more influence at longer wavelengths



Spectral Characteristics of Energy Sources and Sensing Systems

o M
Sun’s energy (at 6000°K)
>
< 0| ®
0 S| s Earth’s energy (at 300°K)
w > .2 |«
s i e >
L I L L lll T T T | R 'I L T TT 1] - T N I I l’ '[ T
0.3 um 1 um 10 um 100 um 1T mm Tm
Wavelength —=
—= = Human eye
Photography Thermal scanners
——— e =
Multispectral scanners Radar and passive microwave
ten e e —
T T i]lill[ 1 T lITTI‘!] Ll 1 I1II!I[ T%T ] 'I I ]
O3 e 1o pm 10 um 100 um 1T mm Tm

Wavelength —=



Relevant Material in Applications of Meteorological Satellites

CHAPTER 2 - NATURE OF RADIATION

2.1
2.2
2.3
2.5

CHAPTER 3 - ABSORPTION, EMISSION, REFLECTION, AND SCATTERING

3.1
3.2
3.3
3.4
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16

Remote Sensing of Radiation
Basic Units

Definitions of Radiation
Related Derivations

Absorption and Emission

Conservation of Energy

Planetary Albedo

Selective Absorption and Emission

Summary of Interactions between Radiation and Matter
Beer's Law and Schwarzchild's Equation

Atmospheric Scattering

The Solar Spectrum

Composition of the Earth's Atmosphere

Atmospheric Absorption and Emission of Solar Radiation
Atmospheric Absorption and Emission of Thermal Radiation
Atmospheric Absorption Bands in the IR Spectrum
Atmospheric Absorption Bands in the Microwave Spectrum
Remote Sensing Regions

CHAPTER 5 - THE RADIATIVE TRANSFER EQUATION (RTE)

5.1
5.10

Derivation of RTE
Microwave Form of RTE

2-1
2-1
2-2
2-5

3-1
3-1
3-2
3-2
3-6

3-9

3-11
3-11
3-11
3-12
3-13
3-14
3-14

5-1
5-28



Emission, Absorption, Reflection, and Scattering

Blackbody radiation B, represents the upper limit to the amount of radiation that a real
substance may emit at a given temperature for a given wavelength.

Emissivity g, is defined as the fraction of emitted radiation R, to Blackbody radiation,

In a medium at thermal equilibrium, what is absorbed is emitted (what goes in comes out) so
a, =¢, .

Thus, materials which are strong absorbers at a given wavelength are also strong emitters at

that wavelength; similarly weak absorbers are weak emitters.

If a,, 1,, and 7, represent the fractional absorption, reflectance, and transmittance,
respectively, then conservation of energy says
a, t+r,+1,=1.

For a blackbody a, = 1, it follows that r, = 0 and 1, = 0 for blackbody radiation. Also, for a
perfect window t, = 1, a, =0 and r, = 0. For any opaque surface t, = 0, so radiation is either
absorbed or reflected a, +r, = 1.

At any wavelength, strong reflectors are weak absorbers (i.e., snow at visible wavelengths),
and weak reflectors are strong absorbers (i.e., asphalt at visible wavelengths).
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Planetary Albedo

Planetary albedo is defined as the fraction of the total incident solar
irradiance, S, that is reflected back into space. Radiation balance then
requires that the absorbed solar irradiance is given by

E = (1-A)S/A4.

The factor of one-fourth arises because the cross sectional area of the earth
disc to solar radiation, ntr?, is one-fourth the earth radiating surface, 4nr2.
Thus recalling that S = 1380 Wm>, if the earth albedo is 30 percent,

then E =241 Wm™.



Incoming
solar

Outgoing IR

VE T(-a)Y, TY,

l(1-a)E TY, LY

a

(2-ag)

(2-ap)

E = oT/*

top of the atmosphere

earth surface.



Selective Absorption and Transmission

Assume that the earth behaves like a blackbody and that the atmosphere has an absorptivity
ag for incoming solar radiation and a; for outgoing longwave radiation. Let Y, be the
irradiance emitted by the atmosphere (both upward and downward); Y| the irradiance emitted
from the earth's surface; and E the solar irradiance absorbed by the earth-atmosphere system.
Then, radiative equilibrium requires

E-(l-a) Y,-Y,=0, at the top of the atmosphere,
(I-ag) E-Y,+Y,=0, at the surface.

Solving yields
(2-a5)
Y, = E, and
(2-ap)
(2-ap) - (1-ap)(2-ag)
Y, = E.

(2-ap)
Since a; > ag, the irradiance and hence the radiative equilibrium temperature at the earth
surface 1s increased by the presence of the atmosphere. With a; =.8 and ag=.1 and E =241
Wm2, Stefans Law yields a blackbody temperature at the surface of 286 K, in contrast to the
255 K it would be if the atmospheric absorptance was independent of wavelength (ag = a;).
The atmospheric gray body temperature in this example turns out to be 245 K.



Transmittance

Transmission through an absorbing medium for a given wavelength is governed by
the number of intervening absorbing molecules (path length u) and their absorbing
power (k) at that wavelength. Beer’s law indicates that transmittance decays
exponentially with increasing path length

-k, u(2)
T, (z—>o)=¢

o0
where the path length is givenby u(z) = | pdz.
Vi

k, u 1s a measure of the cumulative depletion that the beam of radiation has
experienced as a result of its passage through the layer and is often called the optical
depth o,.

Realizing that the hydrostatic equation implies gp dz = - qdp

where q 1s the mixing ratio and p 1s the density of the atmosphere, then

p -k; u (p)
u( = qg'dp and T, (p—>0)=¢
(0
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Relative Effects of Radiative Processes
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Scattering of early morning sun light from haze
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Transmittance

Measurements in the Solar Reflected Spectrum
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Cuiaba Brazil mosaic on 25 August 1995 shows a forest clearing fire.
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Radiative Transfer Equation

The radiance leaving the earth-atmosphere system sensed by a
satellite borne radiometer 1s the sum of radiation emissions
from the earth-surface and each atmospheric level that are
transmitted to the top of the atmosphere. Considering the
earth's surface to be a blackbody emitter (emissivity equal to
unity), the upwelling radiance intensity, I,, for a cloudless
atmosphere 1s given by the expression

I, =¢5B,(T,)r1,(sfc-top) + XgrB (T,...) 1, (layer - top)
A A A\ tsfe/ A A A\ Tlayer/ YA
layers

where the first term 1s the surface contribution and the second
term 1s the atmospheric contribution to the radiance to space.



In standard notation,

L, = &5 B,(T(p,)) 7,(ps) + Z &,(Ap) B, (T(p)) t5(p)
p

The emissivity of an infinitesimal layer of the atmosphere at pressure p is equal
to the absorptance (one minus the transmittance of the layer). Consequently,

&,(Ap) 1,(p) = [1 - 1,(Ap)] 7;(p)

Since transmittance is an exponential function of depth of absorbing constituent,

p+Ap p
.,(Ap) T,(p) = exp[-] k,qg'dp] * exp[- |k, qg'dp] = 1,(p+Ap)
p O

Therefore
&.(Ap) 1, (p) =1,(p) - T(p T Ap) = - A, (p) .

So we can write

I, = ngfC B, (T(py)) T2(ps) - Z B, (T(p)) A1, (p) .
P
which when written in integral form reads
Ps

I, =& B,(T(py) :.(py) -] B,(T(p)) [dr,(p)/dp] dp.
O



When reflection from the earth surface is also considered, the Radiative Transfer
Equation for infrared radiation can be written

O
I, = & B,(T) 1,(py) + ] B,(T(p)) F,(p) [dr,(p)/ dp! dp
Ps
where

F,(p) = {1+ -&) [n(p) / u(@F}

The first term 1s the spectral radiance emitted by the surface and attenuated by
the atmosphere, often called the boundary term and the second term is the
spectral radiance emitted to space by the atmosphere directly or by reflection
from the earth surface.

The atmospheric contribution is the weighted sum of the Planck radiance
contribution from each layer, where the weighting function is [ dt,(p) / dp |.
This weighting function is an indication of where in the atmosphere the majority
of the radiation for a given spectral band comes from.



Earth emitted spectra overlaid on Planck function envelopes

High resolution atmospheric absorption spectrum
and comparative blackbody curves.
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Re-emission of Infrared Radiation
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Radiative Transfer through the Atmosphere
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line broadening with pressure helps to explain weighting functions
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MODIS IR Spectral Bands
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This slide shows an observed infrared spectrum of the earth thermal emission of radiance to space.  The earth surface Planck blackbody - like radiation at 295 K is severely attenuated in some spectral regions.  Around the absorbing bands of the constituent gases of the atmosphere (CO2 at 4.3 and 15.0 um, H20 at 6.3 um, and O3 at 9.7 um), vertical profiles of atmospheric parameters can be derived.  Sampling in the spectral region at the center of the absorption band yields radiation from the upper levels of the atmosphere (e.g. radiation from below has already been absorbed by the atmospheric gas); sampling in spectral regions away from the center of the absorption band yields radiation from successively lower levels of the atmosphere.  Away from the absorption band are the windows to the bottom of the atmosphere. Surface temperatures of 296 K are evident in the 11 micron window region of the spectrum and tropopause emissions of 220 K in the 15 micron absorption band.  As the spectral region moves toward the center of the CO2 absorption band, the radiation temperature decreases due to the decrease of temperature with altitude in the lower atmosphere.

IR remote sensing (e.g. HIRS and GOES Sounder) currently covers the portion of the spectrum that extends from around 3 microns out to about 15 microns. Each measurement from a given field of view (spatial element) has a continuous spectrum that may be used to analyze the earth surface and atmosphere.  Until recently, we have used “chunks” of the spectrum (channels over selected wavelengths) for our analysis. In the near future, we will be able to take advantage of the very high spectral resolution information contained within the 3-15 micron portion of the spectrum.  From the polar orbiting satellites, horizontal resolutions on the order of  10 kilometers will be available, and depending on the year, we may see views over the same area as frequently as once every 4 hours (assuming 3 polar satellites with interferometers).  With future geostationary interferometers, it may be possible to view at 4 kilometer resolution with a repeat frequency of once every 5 minutes to once an hour, depending on the area scanned and spectral resolution and signal to noise required for given applications. 
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High resolution atmospheric absorption spectrum
and comparative blackbody curves.
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Improvements with Hyperspectral IR Data

MASTI on Proteus, 19-Mar—2000
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Characteristics of RTE

* Radiance arises from deep and overlapping layers

* The radiance observations are not independent

* There 1s no unique relation between the spectrum of the outgoing radiance
and T(p) or Q(p)

* T(p) 1s buried in an exponent in the denominator in the integral

* Q(p) 1s implicit in the transmittance

* Boundary conditions are necessary for a solution; the better the first guess

the better the final solution



To investigate the RTE further consider the atmospheric contribution to the radiance to space of
an infinitesimal layer of the atmosphere at height z, dl,(z) = B,(T(z)) dt,(2) .

Assume a well-mixed isothermal atmosphere where the density drops off exponentially with
height p = p, exp ( - yz), and assume k;, is independent of height, so that the optical depth can
be written for normal incidence
o0
o, = I kpdz = y'k; p, exp(-v2)
z
and the derivative with respect to height

do,
— = -k, p, exp(-yz) = -y0;
dz

Therefore, we may obtain an expression for the detected radiance per unit thickness of the layer
as a function of optical depth,
dI;(z) dr,(2)
- BX(Tconst) — = Bk(Tconst) 7 Oy €XP (_GK) :
dz dz
The level which 1s emitting the most detected radiance 1s given by

d dL(2)
{ } = 0, or where o, = 1.
dz dz

Most of monochromatic radiance detected is emitted by layers near level of unit optical depth.




Profile Retrieval from Sounder Radiances

Ps

L, = &% By(T(py) () -] By(T(@) Fy(p) [duy(p)/dp ] dp.
)

I1,12, 13, ...., In are measured with the sounder

P(sfc) and T(sfc) come from ground based conventional observations
T,(p) are calculated with physics models (using for CO2 and O3)
g,% is estimated from a priori information (or regression guess)

First guess solution is inferred from (1) in situ radiosonde reports,
(2) model prediction, or (3) blending of (1) and (2)

Profile retrieval from perturbing guess to match measured sounder radiances



Example GOES Sounding
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GOES Sounders —Lifted Index Stability
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Extra slides on Surface Emissivity
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Microwave RTE and spectral bands
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Radiation is governed by Planck’s Law

c, /AT
BA,T) = ¢, /{A3[e -1]}

In microwave region c,/AT <<1 so that

c, /AT
e =1+c¢,/AT + second order

And classical Rayleigh Jeans radiation equation emerges
B,(T) = [¢;/ ¢, [ [T/2]

Radiance is linear function of brightness temperature.



Microwave Form of RTE

atm
ref atm sfc
Tt 1
)
I 1
I 1
)
1

sfc

Ps ar'k(p)
It = g B,(T,) 1,(p,) + (1-&,) 1,(p) | B,(T(p)) dlnp
A 0 Olnp
Ps oty (p)
L, = &By(T) 1(py) + (1-&) 1,(p) | By(T(p)) dlnp
0 Olnp
0 ot,(p)
+ [ By(T(p)) dlnp
Py Olnp
In the microwave region ¢, /AT << 1, so the Planck radiance is linearly proportional to the
temperature
By(T) = [¢) /¢, ] [T/ 2]
So
0 ot,(p)
Ty, = & Tp) udy) + ] T(p) Fy(p) dInp
Py Olnp
where
Tk(ps)

F,(p) ={1+(l-¢g) I}

7,(p)



The transmittance to the surface can be expressed in terms of transmittance to the
top of the atmosphere by remembering

1 p,
] k() ) dp]
g P

T (p) = exp |-

P, P
=exp[-] +/|]
Q) Q)

= T,(ps) / T:(P) -
So
oty(p) - up)  on(p)
dlnp (L) olnp

[ remember that 7, (p;, p) 7,(p, 0) = T(p, 0) and 1,(py, P) = TP, Py) |
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