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Re-emission of Infrared Radiation
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Molecular Responses to Radiation Molecular absorption of IR by
vibrational and rotational excitation
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Radiative Transfer Equation

The radiance leaving the earth-atmosphere system sensed by a
satellite borne radiometer is 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 is given by the expression

Ik = stfc Bx( Tsfc) ’C;»(SfC B tOp) + 2 gxlayer Bk( Tlayer) Tk(layer B tOp)
layers

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



Satellite observation comes from the sfc and the layers in the atm

s+ Rsfc 4

R1

A R2

ﬂk

R3

4 =1

13 = transmittance of upper layer of atm

12 = transmittance of middle layer of atm

t1= transmittance of lower layer of atm

gsfc for earth surface

recalling that &l = 1- 7i for each layer, then

Robs = esfc Bsfc 11 12 73 + (1-11) B1 12 13 + (1- 12) B2 13 + (1- 13) B3



Radiative Transfer through the Atmosphere
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Ik = SkaC Bx(Tsfc) TK(SfC ) tOp) up2 gklayer Bx(Tlayer) Tk(layer ) tOp)
layers

The emission of an infinitesimal layer of the atmosphere at pressure

p is equal to the absorption (1 - transmission). So,

&, (layer) T, (layer to top) = [1 - 7, (layer)] 7, (layer to top)

Since transmission is multiplicative
T, (layer to top) - 7, (layer) =, (layer to top) = -Ar, (layer to top)

So we can write

L, = &5 B, (T(py)) to(ps) - Z B, (T(p)) AT, (p) -
P
which when written in integral form reads

p;
b, = &5 By(T(p)) ,(py) - | B,(T(p)) [dr,(p) /dp] dp.
0]



Weighting Functions

du/dz



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

0
L, = & B,(T) 1,(p) + ] B,(T(p)) F,(p) [dr,(p)/ dp] dp
Ps
where

F,(p) = {1+ (1-¢) [t(p) / ©.(P)]* }

The first term is 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.
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Earth emitted spectra overlaid on Planck function envelopes

High resolution atmospheric absorption spectrum
and comparative blackbody curves.

10.0 L — T v 1 ‘'t v T ‘' r T T T T
03
20 -
£ ||M
=.
| -
< 5.0 |- | -
w
= 300K
2 I | '
c 4.0~ 2R0K™
g I .
= , |
"‘ 7
' 240K
2.0 - i i _
220R]
200K, -
L L L 1 L L L 1 L L | L 1 L | L L L
6.0 20 10.0 12.0 140 16.0 18.0

Wavelength {Lm) 12



Transmission
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Spectral Characteristics of

Atmospheric Transmission and Sensing Systems
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Earth emitted spectra overlaid on Planck function envelopes

Radiance (W/m".ster.um)

10.0

High resolution atmospheric absorption spectrum
and comparative blackbody curves.
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line broadening with pressure helps to explain weighting functions
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CO2 channels see to different levels in the atmosphere

14.2 um 13.9 um 13.6 um 13.3 um
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line broadening with pressure helps to explain weighting functions
-k, u (2)
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For a given water vapor spectral channel the weighting function depends on the
amount of water vapor in the atmospheric column
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Improvements with Hyperspectral IR Data
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BRIGHTHNESS TEMPERATURE (K)

EARTH EMITTED SPECTRA
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GOES-12 Sounder — Brightness Temperature (Radiances) — 12 bands

i e :r'"”"' pralfed i e
pod @D ] ! o g

.............

-----------

.....

ALL CHARKKELS
OF THE GOES-1Z2
SOURDER FOR

=& UTC QM
29 AfFR @4
2041200

-1l@m  -55C

| TONEEENEE 00 e
VISIBLE O.65 UM MOAA UW-CI



Characteristics of RTE

* Radiance arises from deep and overlapping layers

* The radiance observations are not independent

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

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

* Q(p) is implicit in the transmittance

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

the better the final solution

24



Profile Retrieval from Sounder Radiances

Ps

l, = & B,(T(py)) ,(p) -1 B, (T(P)) Fy(p) [dr,(p) /dp] dp.
0

11, 12, 13, ...., In are measured with the sounder

P(sfc) and T(sfc) come from ground based conventional observations
7,(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

25



Example GOES Sounding
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GOES Sounders —Total Precipitable Water
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GOES Sounders —Lifted Index Stability
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Sounder Retrieval Products

S
1, = &,(sfc) B,(T(ps)) t,(ps) - | B, (T(p)) F,(p) [dr,(p) /dp] dp.
0
Direct

brightness temperatures

Derived in Clear Sky
20 retrieved temperatures (at mandatory levels)
20 geo-potential heights (at mandatory levels)
11 dewpoint temperatures (at 300 hPa and below)
3 thermal gradient winds (at 700, 500, 400 hPa)
1 total precipitable water vapor
1 surface skin temperature
2 stability index (lifted index, CAPE)

Derived in Cloudy conditions
3 cloud parameters (amount, cloud top pressure, and cloud top temperature)

Mandatory Levels (in hPa)

sfc 780 300 70
1000 700 250 50
950 670 200 30
920 500 150 20 32

850 400 100 10
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High clouds reflect more than surface at 0.65 pm
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High clouds, cooler than surface, create lower 11 um BTs
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High clouds and snow both reflect a lot at 0.65 um
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High clouds reflect but snow doesn’t at 1.64 um
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Detecting low clouds in 4-11 um brightness temperature differences
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Detecting ice clouds in 8.6-11 um brightness temperature differences
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Optical properties of cloud particles: imaginary part of refraction index

Imaginary part of refraction index

wavelength [microns]

" BT[8.6] — BT[11] will be positive for transmissive ice clouds
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Clouds separate into classes
when multispectral radiance information is viewed
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Cloud Mask Tests

BT11

BT13.9

BT6.7

BT3.9-BT11

BT11-BT12

BT8.6-BT11
BT6.7-BT11 or BT13.9-BT11
BT11+aPW(BT11-BT12)
r0.65

r0.85

r1.38

rl.6

r0.85/r0.65 or NDVI
o(BT11)

51

clouds over ocean

high clouds

high clouds

broken or scattered clouds
high clouds in tropics

ice clouds

clouds in polar regions
clouds over ocean

clouds over land

clouds over ocean

thin cirrus

clouds over snow, ice cloud
clouds over vegetation
clouds over ocean



ATMOSPHERE - THERMAL RADIATION
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MAS (SUCCESS) 1996/04/26 18:43:48 UTC Track 03, Band 02 (0.64 micron) Reflectance
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OCEAN-SOLAR RADIATION

EOS == l

SOLAR SPECTRAL IRAADIAMTE I:'I'n'm'i |.I.l'l'|- I:I

2100 n\
1800 - ||1 L\__’_,-v"'_ SOLAR IAAATHANCE QUTSDE ATNOSPHERE
15 |- CHRECT SOLAR IRRASANCE AT S04 LEVIL
AIRMAES = 15
WATER VAPDRA = 3.0 o
1000 = DECHE = 034 em
14 T serona 550nm = 0,125
a0 .ﬂ.ﬁrmrd- N &R
| WODEE BANDS
B0 = e
m 1 I‘]ﬂi!ﬂ]
L
| ek
i
w0 Fi OEF OF 1000 1500 2000 2500 3700
5} = P
98 § WAVELEMGTH {nem)

=

ABSORPFTION

MOAMALLIFED / RELATIVE

&5 b BbD =) =) 7y
= - - — —
- _— -_— _— - - - - i
4“8 B =5 BE 2 5
T 7 ¥ W o -
| | 11 11 | |
3
- h'
5 gp b
£ iz g i
=] Ll - i | =
= Lo g E
(5] TR~ [+ u
i q = 5
O A AN F £ =14 =
0 = E &
g 2
: :
r. ’ =
; = t
(=]
!
COLORED E
CRGANC
MATERIAL
i i i
0 - I | L J o015
&0 A&d i i) G T ] A%
WAVELENGTH (nm) *R0DES BAMD CENTER

{BANDWIDTH), nm

LoME SCALE




MODIS SEA SURFACE TEMPERATURE
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The warm heart of the Gulf Stream is readily apparent in the top SST image. As the current flows toward
the northeast it begins to meander and pinch off eddies that transport warm water northward and cold
water southward. The current also divides the local ocean into a low-biomass region to the south and a
higher-biomass region to the north. The data were collected by MODIS aboard Aqua on April 18, 2005.
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LAND-SOLAR RADIATION
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Example with MODIS

ulti-Channel viewer
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Investigating with Multi-spectral
Combinations

Given the spectral response
of a surface or atmospheric feature

Select a part of the spectrum
where the reflectance or absorption
changes with wavelength

e.g. reflection from grass

If 0.65 um and 0.85 um channels see
the same reflectance than surface
viewed IS not grass;

If 0.85 um sees considerably higher
reflectance than 0.65 um then surface
might be grass



Boreal Spring Boreal Autumn

e s o oo - NoW oA -
e

g = NoW R o s = C lg lg é‘;"g -005 0003 006 012 017 0233 0287 0347 0.‘;04 0.;&1 0:.’:18 0.;75 0.;32 0.6‘89 0.7‘46 0.8'03 II.SISII 0.9;2
Chlorophyll a Concentration (mg/m?) Normalized Difference Vegetation Index




I I I
1.0+ -
08 % ﬂiw
()2 E
=
3 5
S06F o
g E
S =3
:
0.4+
o, H,0 g
L H,0 &
ooEL 1 W I N B VIIRS_
AN . B MODIS
| R [ | | W FYy-1
Il B AVHRR
1 1 1 ] 1 1 ] 1 ] 1 ] ] ] 1 1 ]
0'200 700 1000 1300 1600 1900 2200 2500
Wavelength (nm)
UW/CIMSS
E o= e L LA LT
10 ) ; T T ] t T T T =
UE 8TANDARD ATAMOSFHERE \j/ 3
@ -
a
o 107 3
E =
= -
o -
h—
=1
5 109 = =
rd = =
E &
<< | n 7]
E 107" =
— =
& . :
ZERC Hald 7
0= L 1 i 1 I [ 1 i
20 180 240 300 A0 420 480 540 &G0

FREQUENCY {GHzZ)

High resolution atmospheric absorption spectrum
and comparative blackbody curves.
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