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Observations depend on  
 telescope characteristics (resolving power, diffraction)  
               detector characteristics (signal to noise)  
               communications bandwidth (bit depth)  
               spectral intervals (window, absorption band)  
               time of day (daylight visible)  
               atmospheric state (T, Q, clouds)  
               earth surface (Ts, vegetation cover)  

 

Satellite remote sensing of the Earth-atmosphere 



Spectral Characteristics of Energy Sources and Sensing Systems 



Incoming solar radiation (mostly visible) drives the earth-atmosphere (which emits 
infrared). 
 
Over the annual cycle, the incoming solar energy that makes it to the earth surface 
(about 50 %) is balanced by the outgoing thermal infrared energy emitted through 
the atmosphere.  
 
The atmosphere transmits, absorbs (by H2O, O2, O3, dust) reflects (by clouds), and 
scatters (by aerosols) incoming visible; the earth surface absorbs and reflects the 
transmitted visible. Atmospheric H2O, CO2, and O3 selectively transmit or absorb 
the outgoing infrared radiation. The outgoing microwave is primarily affected by 
H2O and O2.  

Solar (visible) and Earth emitted (infrared) energy 



Solar Spectrum 
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AVIRIS Movie #2 
AVIRIS Image - Porto Nacional, Brazil 

20-Aug-1995 
224 Spectral Bands: 0.4 - 2.5 µm  Pixel: 20m x 20m    Scene: 10km x 10km 



MODIS IR Spectral Bands 

MODIS 



 
Current GOES Sounder Spectral Bands: 14.7 to 3.7 um and vis 

 



GOES Sounder Spectral Bands: 14.7 to 3.7 um and vis 
 



Radiative Transfer 
through the Atmosphere 



II II   I         |I  I ATMS Spectral Regions 
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Radiation is governed by Planck’s Law 
 

                              c2 /λT 
  B(λ,T)  =  c1

 /{ λ 5 [e         -1] }     
 
In microwave region c2 /λT << 1 so that                          

       c2 /λT 
  e          = 1 + c2 /λT  +  second order 
 
And classical Rayleigh Jeans radiation equation emerges  
 
   Bλ(T)  ≈  [c1 / c2 ] [T / λ4] 
               
Radiance is linear function of brightness temperature. 













Multispectral data reveals improved information  
about ice / water clouds 



MODIS 
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		0.3		2.05		0.3		99		0.3		95.31

		0.302		2.04		0.3		98.81		0.3		95.309

		0.304		2.04		0.3		97.97		0.3		95.165

		0.306		2.04		0.31		98.55		0.31		95.423

		0.308		2.03		0.31		98.77		0.31		95.378

		0.31		2.03		0.31		99.03		0.31		95.353

		0.312		2.02		0.31		98.77		0.31		95.573

		0.314		2.02		0.31		99.06		0.31		95.458

		0.316		2.02		0.32		98.95		0.32		95.656

		0.318		2.01		0.32		99		0.32		95.565

		0.32		2.01		0.32		98.95		0.32		95.772

		0.322		2		0.32		98.95		0.32		95.791

		0.324		2		0.32		98.99		0.32		95.841

		0.326		2		0.33		99.04		0.33		95.776

		0.328		1.99		0.33		99.14		0.33		95.769

		0.33		1.99		0.33		98.94		0.33		95.882

		0.332		1.99		0.33		98.91		0.33		95.972

		0.334		1.98		0.33		99.14		0.33		96.016

		0.336		1.98		0.34		99.08		0.34		96.002

		0.338		1.97		0.34		98.99		0.34		96.027

		0.34		1.97		0.34		98.93		0.34		96.208

		0.342		1.97		0.34		99.09		0.34		96.17

		0.344		1.96		0.34		99.1		0.34		96.085

		0.346		1.96		0.35		99.01		0.35		96.226

		0.348		1.96		0.35		99.08		0.35		96.257

		0.35		1.95		0.35		99.06		0.35		96.301

		0.352		1.95		0.35		99.07		0.35		96.283

		0.354		1.95		0.35		99.02		0.35		96.381

		0.356		1.95		0.36		99.18		0.36		96.262

		0.358		1.94		0.36		99.13		0.36		96.449

		0.36		1.94		0.36		99.29		0.36		96.479

		0.362		1.94		0.36		99.09		0.36		96.584

		0.364		1.94		0.36		99.27		0.36		96.343

		0.366		1.93		0.37		99.21		0.37		96.471

		0.368		1.93		0.37		99.22		0.37		96.523

		0.37		1.93		0.37		99.23		0.37		96.477

		0.372		1.93		0.37		99.19		0.37		96.665

		0.374		1.92		0.37		99.19		0.37		96.611

		0.376		1.92		0.38		99.24		0.38		96.726

		0.378		1.92		0.38		99.28		0.38		96.638

		0.38		1.92		0.38		99.2		0.38		96.653

		0.382		1.92		0.38		99.16		0.38		96.79

		0.384		1.91		0.38		99.37		0.38		96.827

		0.386		1.91		0.39		99.21		0.39		96.863

		0.388		1.91		0.39		99.2		0.39		96.754

		0.39		1.91		0.39		99.33		0.39		96.74

		0.392		1.9		0.39		99.26		0.39		96.978

		0.394		1.9		0.39		99.26		0.39		96.88

		0.396		1.9		0.4		99.32		0.4		96.962

		0.398		1.9		0.4		99.12		0.4		97.011

		0.4		1.9		0.4		99.21		0.4		96.932

		0.402		1.89		0.4		99.28		0.4		97.088

		0.404		1.89		0.4		99.29		0.4		96.944

		0.406		1.89		0.41		99.34		0.41		96.996

		0.408		1.89		0.41		99.28		0.41		97.161

		0.41		1.89		0.41		99.34		0.41		97.195

		0.412		1.89		0.41		99.4		0.41		97.32

		0.414		1.88		0.41		99.39		0.41		97.088

		0.416		1.88		0.42		99.28		0.42		97.306

		0.418		1.88		0.42		99.22		0.42		97.209

		0.42		1.88		0.42		99.21		0.42		97.273

		0.422		1.88		0.42		99.38		0.42		97.183

		0.424		1.88		0.42		99.33		0.42		97.352

		0.426		1.87		0.43		99.34		0.43		97.423

		0.428		1.87		0.43		99.34		0.43		97.348

		0.43		1.87		0.43		99.45		0.43		97.461

		0.432		1.87		0.43		99.45		0.43		97.456

		0.434		1.87		0.43		99.51		0.43		97.539

		0.436		1.87		0.44		99.34		0.44		97.665

		0.438		1.87		0.44		99.46		0.44		97.65

		0.44		1.87		0.44		99.33		0.44		97.317

		0.442		1.86		0.44		99.32		0.44		97.409

		0.444		1.86		0.44		99.37		0.44		97.486

		0.446		1.86		0.45		99.4		0.45		97.72

		0.448		1.86		0.45		99.46		0.45		97.988

		0.45		1.86		0.45		99.52		0.45		97.79

		0.452		1.86		0.45		99.46		0.45		97.737

		0.454		1.86		0.45		99.62		0.45		98.01

		0.456		1.85		0.46		99.34		0.46		97.929

		0.458		1.85		0.46		99.45		0.46		97.991

		0.46		1.85		0.46		99.54		0.46		97.787

		0.462		1.85		0.46		99.47		0.46		97.965

		0.464		1.85		0.46		99.61		0.46		97.867

		0.466		1.85		0.47		99.6		0.47		97.902

		0.468		1.85		0.47		99.46		0.47		97.904

		0.47		1.85		0.47		99.54		0.47		97.767

		0.472		1.85		0.47		99.52		0.47		97.943

		0.474		1.84		0.47		99.46		0.47		97.85

		0.476		1.84		0.48		99.4		0.48		97.787

		0.478		1.84		0.48		99.51		0.48		97.903

		0.48		1.84		0.48		99.47		0.48		97.842

		0.482		1.84		0.48		99.53		0.48		97.752

		0.484		1.84		0.48		99.51		0.48		97.62

		0.486		1.84		0.49		99.41		0.49		97.805

		0.488		1.84		0.49		99.45		0.49		97.623

		0.49		1.84		0.49		99.51		0.49		97.744

		0.492		1.84		0.49		99.47		0.49		97.684

		0.494		1.83		0.49		99.39		0.49		97.825

		0.496		1.83		0.5		99.41		0.5		97.877

		0.498		1.83		0.5		99.46		0.5		97.629

		0.5		1.83		0.5		99.38		0.5		97.655

		0.502		1.83		0.5		99.54		0.5		97.526

		0.504		1.83		0.5		99.45		0.5		97.483

		0.506		1.83		0.51		99.45		0.51		97.664

		0.508		1.83		0.51		99.53		0.51		97.498

		0.51		1.83		0.51		99.34		0.51		97.541

		0.512		1.83		0.51		99.46		0.51		97.614

		0.514		1.83		0.51		99.45		0.51		97.592

		0.516		1.82		0.52		99.41		0.52		97.582

		0.518		1.82		0.52		99.45		0.52		97.54

		0.52		1.82		0.52		99.52		0.52		97.598

		0.522		1.82		0.52		99.4		0.52		97.482

		0.524		1.82		0.52		99.19		0.52		97.436

		0.526		1.82		0.53		99.54		0.53		97.475

		0.528		1.82		0.53		99.32		0.53		97.626

		0.53		1.82		0.53		99.41		0.53		97.495

		0.532		1.82		0.53		99.6		0.53		97.312

		0.534		1.82		0.53		99.41		0.53		97.402

		0.536		1.82		0.54		99.2		0.54		97.24

		0.538		1.82		0.54		99.33		0.54		97.45

		0.54		1.81		0.54		99.45		0.54		97.36

		0.542		1.81		0.54		99.14		0.54		97.171

		0.544		1.81		0.54		99.52		0.54		97.261

		0.546		1.81		0.55		99.29		0.55		97.204

		0.548		1.81		0.55		99.39		0.55		97.103

		0.55		1.81		0.55		99.3		0.55		97.131

		0.552		1.81		0.55		99.45		0.55		97.148

		0.554		1.81		0.55		99.47		0.55		97.229

		0.556		1.81		0.56		99.28		0.56		97.016

		0.558		1.81		0.56		99.41		0.56		97.205

		0.56		1.81		0.56		99.33		0.56		97.287

		0.562		1.81		0.56		99.3		0.56		97.082

		0.564		1.81		0.56		99.32		0.56		97.024

		0.566		1.81		0.57		99.3		0.57		97.136

		0.568		1.8		0.57		99.32		0.57		97.078

		0.57		1.8		0.57		99.25		0.57		97.273

		0.572		1.8		0.57		99.21		0.57		97.103

		0.574		1.8		0.57		99.35		0.57		96.707

		0.576		1.8		0.58		99.32		0.58		97.014

		0.578		1.8		0.58		99.3		0.58		97.054

		0.58		1.8		0.58		99.19		0.58		96.827

		0.582		1.8		0.58		99.46		0.58		96.804

		0.584		1.8		0.58		99.28		0.58		96.791

		0.586		1.8		0.59		99.27		0.59		96.863

		0.588		1.8		0.59		99.31		0.59		96.834

		0.59		1.8		0.59		99.26		0.59		96.674

		0.592		1.8		0.59		99.35		0.59		96.692

		0.594		1.8		0.59		99.21		0.59		96.55

		0.596		1.8		0.6		99.24		0.6		96.588

		0.598		1.8		0.6		99.13		0.6		96.408

		0.6		1.79		0.6		99.28		0.6		96.337

		0.602		1.79		0.6		99.17		0.6		96.2

		0.604		1.79		0.6		99.17		0.6		96.252

		0.606		1.79		0.61		99.16		0.61		96.18

		0.608		1.79		0.61		99.22		0.61		94.144

		0.61		1.79		0.61		99.1		0.61		96.117

		0.612		1.79		0.61		99.08		0.61		95.221

		0.614		1.79		0.61		98.99		0.61		95.877

		0.616		1.79		0.62		99.08		0.62		95.777

		0.618		1.79		0.62		98.96		0.62		95.755

		0.62		1.79		0.62		98.95		0.62		95.773

		0.622		1.79		0.62		98.92		0.62		95.597

		0.624		1.79		0.62		98.91		0.62		95.552

		0.626		1.79		0.63		98.97		0.63		95.363

		0.628		1.79		0.63		98.94		0.63		95.346

		0.63		1.79		0.63		98.93		0.63		95.324

		0.632		1.79		0.63		98.88		0.63		95.3

		0.634		1.79		0.63		98.87		0.63		95.16

		0.636		1.78		0.64		98.88		0.64		94.965

		0.638		1.78		0.64		98.94		0.64		94.955

		0.64		1.78		0.64		98.89		0.64		94.872

		0.642		1.78		0.64		98.84		0.64		94.961

		0.644		1.78		0.64		98.65		0.64		94.748

		0.646		1.78		0.65		98.82		0.65		94.713

		0.648		1.78		0.65		98.76		0.65		94.632

		0.65		1.78		0.65		98.75		0.65		94.581

		0.652		1.78		0.65		98.74		0.65		94.528

		0.654		1.78		0.65		98.71		0.65		94.382

		0.656		1.78		0.66		98.66		0.66		94.39

		0.658		1.78		0.66		98.53		0.66		94.24

		0.66		1.78		0.66		98.75		0.66		94.195

		0.662		1.78		0.66		98.61		0.66		94.105

		0.664		1.78		0.66		98.59		0.66		94.156

		0.666		1.78		0.67		98.59		0.67		94.04

		0.668		1.78		0.67		98.55		0.67		93.968

		0.67		1.78		0.67		98.59		0.67		93.88

		0.672		1.78		0.67		98.55		0.67		92.468

		0.674		1.78		0.67		98.56		0.67		93.698

		0.676		1.78		0.68		98.5		0.68		93.772

		0.678		1.77		0.68		98.53		0.68		93.712

		0.68		1.77		0.68		98.51		0.68		93.592

		0.682		1.77		0.68		98.49		0.68		93.535

		0.684		1.77		0.68		98.49		0.68		93.485

		0.686		1.77		0.69		98.45		0.69		93.418

		0.688		1.77		0.69		98.51		0.69		93.338

		0.69		1.77		0.69		98.48		0.69		93.16

		0.692		1.77		0.69		98.33		0.69		93.133

		0.694		1.77		0.69		98.33		0.69		92.947

		0.696		1.77		0.7		98.39		0.7		92.9

		0.698		1.77		0.7		98.3		0.7		92.684

		0.7		1.77		0.7		98.25		0.7		92.558

		0.702		1.77		0.7		97.69		0.7		92.04

		0.704		1.77		0.7		98.25		0.7		92.341

		0.706		1.77		0.71		97.97		0.71		92.296

		0.708		1.77		0.71		98.19		0.71		92.065

		0.71		1.77		0.71		98.16		0.71		92.092

		0.712		1.77		0.71		98.08		0.71		91.911

		0.714		1.77		0.71		98.09		0.71		91.817

		0.716		1.77		0.72		98.11		0.72		91.664

		0.718		1.77		0.72		98.05		0.72		91.592

		0.72		1.77		0.72		97.97		0.72		91.471

		0.722		1.77		0.72		98.01		0.72		91.459

		0.724		1.76		0.72		98.05		0.72		91.441

		0.726		1.76		0.73		97.82		0.73		91.354

		0.728		1.76		0.73		97.91		0.73		91.182

		0.73		1.76		0.73		97.99		0.73		91.284

		0.732		1.76		0.73		98.03		0.73		91.147

		0.734		1.76		0.73		97.94		0.73		91.1

		0.736		1.76		0.74		97.94		0.74		90.746

		0.738		1.76		0.74		97.91		0.74		90.842

		0.74		1.76		0.74		97.74		0.74		90.719

		0.742		1.76		0.74		97.76		0.74		90.599

		0.744		1.76		0.74		97.83		0.74		90.456

		0.746		1.76		0.75		97.77		0.75		90.312

		0.748		1.76		0.75		97.65		0.75		90.142

		0.75		1.76		0.75		97.69		0.75		89.95

		0.752		1.76		0.75		97.7		0.75		89.848

		0.754		1.76		0.75		97.52		0.75		89.658

		0.756		1.76		0.76		97.47		0.76		89.52

		0.758		1.76		0.76		97.56		0.76		89.299

		0.76		1.76		0.76		97.55		0.76		89.135

		0.762		1.76		0.76		97.32		0.76		88.975

		0.764		1.76		0.76		97.26		0.76		88.744

		0.766		1.76		0.77		97.33		0.77		88.584

		0.768		1.76		0.77		97.39		0.77		88.398

		0.77		1.76		0.77		97.18		0.77		88.177

		0.772		1.76		0.77		96.86		0.77		87.997

		0.774		1.75		0.77		97.22		0.77		87.835

		0.776		1.75		0.78		97.19		0.78		87.66

		0.778		1.75		0.78		97.02		0.78		87.445

		0.78		1.75		0.78		96.72		0.78		86.26

		0.782		1.75		0.78		97.01		0.78		87.127

		0.784		1.75		0.78		97.01		0.78		86.768

		0.786		1.75		0.79		96.85		0.79		86.785

		0.788		1.75		0.79		96.62		0.79		86.654

		0.79		1.75		0.79		96.83		0.79		86.413

		0.792		1.75		0.79		96.86		0.79		86.366

		0.794		1.75		0.79		96.72		0.79		86.194

		0.796		1.75		0.8		96.45		0.8		86.018

		0.798		1.75		0.8		96.67		0.8		85.839

		0.8		1.75		0.8		96.73		0.8		85.681

		0.82		1.75		0.82		96.53		0.82		85.243

		0.84		1.74		0.84		96.45		0.84		85.236

		0.86		1.74		0.86		95.85		0.86		82.854

		0.88		1.74		0.88		94.88		0.88		79.329

		0.9		1.73		0.9		94.43		0.9		77.393

		0.92		1.73		0.92		94.35		0.92		76.246

		0.94		1.73		0.94		93.89		0.94		74.977

		0.96		1.72		0.96		92.77		0.96		71.699

		0.98		1.72		0.98		91.8		0.98		67.085

		1		1.72		1		89.91		1		60.897

		1.02		1.71		1.02		88.75		1.02		57.494

		1.04		1.71		1.04		88.12		1.04		57.124

		1.06		1.71		1.06		89.68		1.06		60.021

		1.08		1.7		1.08		89.68		1.08		62.226

		1.1		1.7		1.1		89.77		1.1		62.729

		1.12		1.7		1.12		89.97		1.12		61.959

		1.14		1.69		1.14		89.13		1.14		59.047

		1.16		1.69		1.16		87.61		1.16		54.558

		1.18		1.69		1.18		85		1.18		47.376

		1.2		1.68		1.2		82.35		1.2		41.539

		1.22		1.68		1.22		74.52		1.22		34.044

		1.24		1.67		1.24		77.17		1.24		31.548

		1.26		1.67		1.26		76.86		1.26		30.33

		1.28		1.67		1.28		77.27		1.28		30.511

		1.3		1.66		1.3		74.87		1.3		30.837

		1.32		1.66		1.32		77.47		1.32		31.136

		1.34		1.65		1.34		76.88		1.34		31.211

		1.36		1.65		1.36		76.43		1.36		30.254

		1.38		1.65		1.38		75.86		1.38		28.719

		1.4		1.64		1.4		74.59		1.4		25.135

		1.42		1.64		1.42		61.75		1.42		11.259

		1.44		1.63		1.44		37.84		1.44		2.3123

		1.46		1.63		1.46		29.82		1.46		1.0524

		1.48		1.62		1.48		24.69		1.48		0.6185

		1.5		1.62		1.5		21.54		1.5		0.5088

		1.52		1.62		1.52		22.63		1.52		0.5607

		1.54		1.61		1.54		22.52		1.54		0.6337

		1.56		1.61		1.56		26.41		1.56		0.8011

		1.58		1.6		1.58		30.24		1.58		1.0098

		1.6		1.6		1.6		31.3		1.6		1.1871

		1.62		1.59		1.62		29.81		1.62		1.4246

		1.64		1.59		1.64		38.37		1.64		1.8839

		1.66		1.58		1.66		39.91		1.66		2.4425

		1.68		1.57		1.68		44.55		1.68		3.095

		1.7		1.57		1.7		45.44		1.7		3.7228

		1.72		1.56		1.72		48.1		1.72		4.226

		1.74		1.55		1.74		47.6		1.74		4.7941

		1.76		1.55		1.76		50.69		1.76		5.3746

		1.78		1.54		1.78		48.84		1.78		6.1669

		1.8		1.53		1.8		54.32		1.8		7.0924

		1.82		1.53		1.82		54.11		1.82		8.185

		1.84		1.52		1.84		58.29		1.84		9.2146

		1.86		1.51		1.86		54.39		1.86		7.5987

		1.88		1.5		1.88		42.84		1.88		3.0307

		1.9		1.49		1.9		30.62		1.9		1.217

		1.92		1.48		1.92		21.8		1.92		0.5351

		1.94		1.47		1.94		17.09		1.94		0.3376

		1.96		1.46		1.96		13.1		1.96		0.242

		1.98		1.46		1.98		11.57		1.98		0.2043

		2		1.45		2		10.77		2		0.1998

		2.02		1.45		2.02		11.43		2.02		0.2068

		2.04		1.44		2.04		13.1		2.04		0.2263

		2.06		1.43		2.06		13.93		2.06		0.2606

		2.08		1.42		2.08		16.16		2.08		0.3143

		2.1		1.41		2.1		19.27		2.1		0.4207

		2.12		1.4		2.12		23.32		2.12		0.6527

		2.14		1.38		2.14		30.15		2.14		1.0261

		2.16		1.37		2.16		33.64		2.16		1.4709

		2.18		1.36		2.18		36.36		2.18		1.9866

		2.2		1.34		2.2		42.93		2.2		2.6207

		2.22		1.33		2.22		45.29		2.22		3.3166

		2.24		1.31		2.24		44.81		2.24		3.7251

		2.26		1.29		2.24		44.81		2.24		3.6666

		2.28		1.28		2.25		44.78		2.25		3.669

		2.3		1.26		2.25		44.74		2.25		3.6771

		2.32		1.24		2.25		44.71		2.25		3.6879

		2.34		1.22		2.25		44.67		2.25		3.6981

		2.36		1.2		2.25		44.64		2.25		3.7031

		2.38		1.18		2.25		44.61		2.25		3.7

		2.4		1.16		2.25		44.59		2.25		3.6903

		2.42		1.14		2.25		44.57		2.25		3.6766

		2.44		1.11		2.25		44.55		2.25		3.6623

		2.46		1.09		2.25		44.53		2.25		3.6491

		2.48		1.06		2.25		44.51		2.25		3.6375

		2.5		1.03		2.26		44.49		2.26		3.6275

		2.52		1		2.26		44.47		2.26		3.6176

		2.54		0.96		2.26		44.44		2.26		3.6071

		2.56		0.93		2.26		44.42		2.26		3.5966

		2.58		0.89		2.26		44.39		2.26		3.5873

		2.6		0.84		2.26		44.36		2.26		3.579

		2.62		0.79		2.26		44.33		2.26		3.5707

		2.64		0.74		2.26		44.3		2.26		3.5586

		2.66		0.68		2.26		44.26		2.26		3.5414

		2.68		0.62		2.26		44.21		2.26		3.5179

		2.7		0.55		2.27		44.17		2.27		3.4904

		2.72		0.49		2.27		44.12		2.27		3.4611

		2.74		0.41		2.27		44.07		2.27		3.4322

		2.76		0.33		2.27		44.02		2.27		3.4047

		2.78		0.26		2.27		43.96		2.27		3.3782

		2.8		0.18		2.27		43.9		2.27		3.3502

		2.82		0.13		2.27		43.83		2.27		3.3204

		2.84		0.12		2.27		43.77		2.27		3.2889

		2.86		0.18		2.27		43.69		2.27		3.2567

		2.88		0.38		2.27		43.62		2.27		3.2254

		2.9		0.79		2.28		43.54		2.28		3.1961

		2.92		1.45		2.28		43.46		2.28		3.1698

		2.94		2.11		2.28		43.38		2.28		3.1463

		2.96		2.68		2.28		43.3		2.28		3.1246

		2.98		3.37		2.28		43.22		2.28		3.1032

		3		4.28		2.28		43.15		2.28		3.0802

		3.02		5.4		2.28		43.07		2.28		3.0533

		3.04		6.69		2.28		42.99		2.28		3.022

		3.06		8.01		2.28		42.92		2.28		2.9879

		3.08		8.53		2.28		42.86		2.28		2.9542

		3.1		8.45		2.29		42.79		2.29		2.9235

		3.12		8.17		2.29		42.72		2.29		2.8957

		3.14		8.02		2.29		42.64		2.29		2.8704

		3.16		7.84		2.29		42.56		2.29		2.8458

		3.18		7.52		2.29		42.47		2.29		2.8183

		3.2		7.06		2.29		42.37		2.29		2.7871

		3.22		6.55		2.29		42.27		2.29		2.7537

		3.24		6.13		2.29		42.17		2.29		2.7215

		3.26		5.78		2.29		42.06		2.29		2.6926

		3.28		5.41		2.29		41.97		2.29		2.667

		3.3		5.12		2.3		41.87		2.3		2.6438

		3.32		4.88		2.3		41.79		2.3		2.6208

		3.34		4.66		2.3		41.71		2.3		2.5962

		3.36		4.45		2.3		41.63		2.3		2.5694

		3.38		4.26		2.3		41.55		2.3		2.5408

		3.4		4.09		2.3		41.47		2.3		2.5119

		3.42		3.93		2.3		41.39		2.3		2.4849

		3.44		3.79		2.3		41.3		2.3		2.4593

		3.46		3.65		2.3		41.2		2.3		2.4331

		3.48		3.54		2.31		41.1		2.31		2.4053

		3.5		3.44		2.31		40.99		2.31		2.3769

		3.52		3.34		2.31		40.87		2.31		2.3497

		3.54		3.26		2.31		40.75		2.31		2.3243

		3.56		3.17		2.31		40.63		2.31		2.3021

		3.58		3.11		2.31		40.51		2.31		2.2841

		3.6		3.04		2.31		40.39		2.31		2.2694

		3.62		2.97		2.31		40.28		2.31		2.2545

		3.64		2.92		2.31		40.18		2.31		2.2377

		3.66		2.88		2.31		40.08		2.31		2.2195

		3.68		2.83		2.32		39.98		2.32		2.2009

		3.7		2.78		2.32		39.88		2.32		2.182

		3.72		2.74		2.32		39.78		2.32		2.1638

		3.74		2.7		2.32		39.67		2.32		2.1482

		3.76		2.66		2.32		39.57		2.32		2.1352

		3.78		2.62		2.32		39.46		2.32		2.1242

		3.8		2.59		2.32		39.35		2.32		2.115

		3.82		2.56		2.32		39.25		2.32		2.1072

		3.84		2.53		2.32		39.15		2.32		2.0999

		3.86		2.5		2.32		39.05		2.32		2.092

		3.88		2.48		2.33		38.96		2.33		2.0831

		3.9		2.46		2.33		38.87		2.33		2.0721

		3.92		2.43		2.33		38.78		2.33		2.0584

		3.94		2.41		2.33		38.7		2.33		2.0411

		3.96		2.39		2.33		38.6		2.33		2.021

		3.98		2.37		2.33		38.51		2.33		1.9999

		4		2.35		2.33		38.41		2.33		1.9803

		4.02		2.33		2.33		38.3		2.33		1.9665

		4.04		2.32		2.33		38.2		2.33		1.9604

		4.06		2.3		2.34		38.08		2.34		1.9606

		4.08		2.28		2.34		37.97		2.34		1.9632

		4.1		2.26		2.34		37.86		2.34		1.9635

		4.12		2.25		2.34		37.75		2.34		1.9571

		4.14		2.23		2.34		37.64		2.34		1.9412

		4.16		2.22		2.34		37.53		2.34		1.917

		4.18		2.21		2.34		37.43		2.34		1.8902

		4.2		2.19		2.34		37.33		2.34		1.8661

		4.22		2.18		2.34		37.23		2.34		1.8477

		4.24		2.16		2.34		37.13		2.34		1.8372

		4.26		2.15		2.35		37.04		2.35		1.8349

		4.28		2.14		2.35		36.96		2.35		1.8365

		4.3		2.13		2.35		36.88		2.35		1.8367

		4.32		2.12		2.35		36.8		2.35		1.8322

		4.34		2.11		2.35		36.73		2.35		1.8223

		4.36		2.1		2.35		36.65		2.35		1.8069

		4.38		2.1		2.35		36.58		2.35		1.7892

		4.4		2.1		2.35		36.5		2.35		1.7735

		4.42		2.1		2.35		36.43		2.35		1.7642

		4.44		2.11		2.36		36.35		2.36		1.7607

		4.46		2.11		2.36		36.27		2.36		1.76

		4.48		2.12		2.36		36.2		2.36		1.7605

		4.5		2.13		2.36		36.12		2.36		1.76

		4.52		2.14		2.36		36.05		2.36		1.7562

		4.54		2.15		2.36		35.99		2.36		1.7494

		4.56		2.17		2.36		35.92		2.36		1.7415

		4.58		2.19		2.36		35.86		2.36		1.7342

		4.6		2.19		2.36		35.79		2.36		1.7269

		4.62		2.18		2.37		35.73		2.37		1.7193

		4.64		2.18		2.37		35.67		2.37		1.7121

		4.66		2.17		2.37		35.6		2.37		1.7056

		4.68		2.17		2.37		35.53		2.37		1.6993

		4.7		2.17		2.37		35.46		2.37		1.6937

		4.72		2.16		2.37		35.39		2.37		1.6909

		4.74		2.15		2.37		35.32		2.37		1.6909

		4.76		2.14		2.37		35.25		2.37		1.6926

		4.78		2.13		2.37		35.18		2.37		1.6947

		4.8		2.11		2.37		35.12		2.37		1.6965

		4.82		2.1		2.38		35.06		2.38		1.6965

		4.84		2.09		2.38		35		2.38		1.6942

		4.86		2.08		2.38		34.94		2.38		1.6904

		4.88		2.07		2.38		34.89		2.38		1.6866

		4.9		2.06		2.38		34.83		2.38		1.6837

		4.92		2.05		2.38		34.77		2.38		1.6809

		4.94		2.03		2.38		34.72		2.38		1.6769

		4.96		2.02		2.38		34.67		2.38		1.6707

		4.98		2.01		2.38		34.62		2.38		1.662

		5		2		2.39		34.57		2.39		1.6523

		5.1		1.94		2.39		34.52		2.39		1.644

		5.2		1.89		2.39		34.46		2.39		1.6385

		5.3		1.83		2.39		34.41		2.39		1.6364

		5.4		1.77		2.39		34.36		2.39		1.6364

		5.5		1.71		2.39		34.31		2.39		1.6362

		5.6		1.66		2.39		34.26		2.39		1.6345

		5.7		1.62		2.39		34.21		2.39		1.6305

		5.8		1.6		2.39		34.16		2.39		1.6257

		5.9		1.66		2.4		34.12		2.4		1.6208

		6		1.75		2.4		34.07		2.4		1.6151

		6.1		1.85		2.4		34.02		2.4		1.6089

		6.2		1.92		2.4		33.97		2.4		1.6016

		6.3		1.97		2.4		33.92		2.4		1.594

		6.4		1.99		2.4		33.87		2.4		1.5886

		6.5		1.96		2.4		33.82		2.4		1.5876

		6.6		1.94		2.4		33.77		2.4		1.5919

		6.7		1.94		2.4		33.73		2.4		1.6002

		6.8		1.95		2.41		33.68		2.41		1.6094

		6.9		1.96		2.41		33.64		2.41		1.616

		7		1.95		2.41		33.59		2.41		1.6172

		7.1		1.95		2.41		33.54		2.41		1.6124

		7.2		1.95		2.41		33.49		2.41		1.6052

		7.3		1.94		2.41		33.45		2.41		1.5981

		7.4		1.92		2.41		33.4		2.41		1.5925

		7.5		1.91		2.41		33.35		2.41		1.5895

		7.6		1.91		2.41		33.31		2.41		1.5891

		7.7		1.9		2.42		33.26		2.42		1.5881

		7.8		1.9		2.42		33.22		2.42		1.5853

		7.9		1.89		2.42		33.17		2.42		1.5807

		8		1.87		2.42		33.12		2.42		1.5762

		8.1		1.84		2.42		33.07		2.42		1.572

		8.2		1.79		2.42		33.01		2.42		1.5684

		8.3		1.74		2.42		32.95		2.42		1.5661

		8.4		1.69		2.42		32.89		2.42		1.5649

		8.5		1.65		2.42		32.83		2.42		1.5639

		8.6		1.61		2.43		32.76		2.43		1.5634

		8.7		1.57		2.43		32.7		2.43		1.5646

		8.8		1.53		2.43		32.65		2.43		1.5659

		8.9		1.5		2.43		32.6		2.43		1.5651

		9		1.46		2.43		32.56		2.43		1.5608

		9.1		1.42		2.43		32.52		2.43		1.5533

		9.2		1.38		2.43		32.48		2.43		1.5429

		9.3		1.34		2.43		32.44		2.43		1.5319

		9.4		1.29		2.44		32.4		2.44		1.5235

		9.5		1.24		2.44		32.35		2.44		1.5192

		9.6		1.18		2.44		32.31		2.44		1.5175

		9.7		1.11		2.44		32.26		2.44		1.5156

		9.8		1.05		2.44		32.21		2.44		1.512

		9.9		0.96		2.44		32.16		2.44		1.5066

		10		0.87		2.44		32.12		2.44		1.4997

		10.1		0.79		2.44		32.07		2.44		1.4933

		10.2		0.71		2.44		32.03		2.44		1.4891

		10.3		0.65		2.45		31.99		2.45		1.4889

		10.4		0.59		2.45		31.94		2.45		1.4922

		10.5		0.57		2.45		31.89		2.45		1.4974

		10.6		0.6		2.45		31.83		2.45		1.5028

		10.7		0.73		2.45		31.77		2.45		1.5066

		10.8		0.94		2.45		31.7		2.45		1.5069

		10.9		1.21		2.45		31.64		2.45		1.5028

		11		1.58		2.45		31.58		2.45		1.4957

		11.1		1.95		2.45		31.53		2.45		1.4887

		11.2		2.29		2.46		31.47		2.46		1.4844

		11.3		2.67		2.46		31.43		2.46		1.4841

		11.4		3.03		2.46		31.38		2.46		1.4867

		11.5		3.31		2.46		31.33		2.46		1.49

		11.6		3.6		2.46		31.28		2.46		1.4912

		11.7		3.88		2.46		31.22		2.46		1.4882

		11.8		4.16		2.46		31.17		2.46		1.4815

		11.9		4.44		2.46		31.1		2.46		1.4739

		12		4.64		2.47		31.04		2.47		1.4683

		12.1		4.85		2.47		30.97		2.47		1.4662

		12.2		5.07		2.47		30.9		2.47		1.467

		12.3		5.23		2.47		30.84		2.47		1.4695

		12.4		5.39		2.47		30.78		2.47		1.4709

		12.5		5.57		2.47		30.72		2.47		1.4695

		12.6		5.65		2.47		30.67		2.47		1.4654

		12.7		5.74		2.47		30.63		2.47		1.4595

		12.8		5.85		2.47		30.59		2.47		1.4535

		12.9		5.91		2.48		30.56		2.48		1.4491

		13		5.98		2.48		30.52		2.48		1.4471

		13.1		6.03		2.48		30.48		2.48		1.4476

		13.2		6.06		2.48		30.43		2.48		1.4501

		13.3		6.07		2.48		30.38		2.48		1.4535

		13.4		6.07		2.48		30.33		2.48		1.4571

		13.5		6.07		2.48		30.27		2.48		1.4599

		13.6		6.07		2.48		30.22		2.48		1.4611

		13.7		6.07		2.49		30.16		2.49		1.4607

		13.8		6.06		2.49		30.1		2.49		1.4583

		13.9		6.05		2.49		30.04		2.49		1.454

		14		6.02		2.49		29.98		2.49		1.4484

		14.1		5.99		2.49		29.93		2.49		1.4412

		14.2		5.95		2.49		29.87		2.49		1.433

		14.3		5.9		2.49		29.81		2.49		1.423

		14.4		5.82		2.49		29.76		2.49		1.4116

		14.5		5.74		2.49		29.7		2.49		1.3996

		14.6		5.67		2.5		29.65		2.5		1.3882

		14.7		5.61		2.5		29.59		2.5		1.3794

		14.8		5.52		2.5		29.54		2.5		1.375

		14.9		5.44		2.5		29.48		2.5		1.3755

		15		5.37		2.5		29.43		2.5		1.3794
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Using wavenumbers 

                   c2ν/T 
Planck’s Law   B(ν,T)  =  c1ν3 / [e         -1]      (mW/m2/ster/cm-1) 
           where ν = # wavelengths in one centimeter (cm-1) 
   T = temperature of emitting surface (deg K) 
   c1 = 1.191044 x 10-5 (mW/m2/ster/cm-4) 
   c2 = 1.438769 (cm deg K) 
 
Wien's Law   dB(νmax,T) / dT = 0 where ν(max)  = 1.95T 
indicates peak of Planck function curve shifts to shorter wavelengths (greater wavenumbers) 
with temperature increase.  
                      ∞ 
Stefan-Boltzmann Law  E  =  π ∫ B(ν,T) dν =  σT4, where σ = 5.67 x 10-8 W/m2/deg4. 
                        o 
states that irradiance of a black body (area under Planck curve) is proportional to T4 .  
Brightness Temperature 
                         c1ν3 
  T  =  c2ν/[ln(______ + 1)]  is determined by inverting Planck function 
                                Bν 



Radiative Transfer Equation  
 
When reflection from the earth surface is also considered, the RTE for infrared 
radiation can be written 
 
              o              
 Iλ  =  ελsfc Bλ(Ts) τλ(ps) + ∫ Bλ(T(p)) Fλ(p) [dτλ(p)/ dp] dp 
                                         ps             
where 
 
 Fλ(p)  =  { 1 + (1 - ελ) [τλ(ps) / τλ(p)]2 } 
 
 
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 [ dτλ(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. 



RTE in Cloudy Conditions 
 
 Iλ  =  η Icd + (1 - η) Ic     where cd = cloud, c = clear, η = cloud fraction 
               λ                           λ 
        o 
 Ic  =  Bλ(Ts) τλ(ps) +  ∫   Bλ(T(p)) dτλ . 
  λ                               ps 
                                                        pc 
 Icd  =  (1-ελ) Bλ(Ts) τλ(ps) + (1-ελ)  ∫    Bλ(T(p)) dτλ 
       λ              ps 
               o 
        + ελ Bλ(T(pc)) τλ(pc) +  ∫   Bλ(T(p)) dτλ 
                                               pc 
ελ is emittance of cloud.  First two terms are from below cloud, third term is cloud 
contribution, and fourth term is from above cloud.  After rearranging  
             pc         dBλ 
  Iλ - Iλ

c  =  ηελ   ∫   τ(p)             dp  . 
                  ps           dp 
 
Techniques for dealing with clouds fall into three categories: (a) searching for 
cloudless fields of view, (b) specifying cloud top pressure and sounding down to 
cloud level as in the cloudless case, and (c) employing adjacent fields of view to 
determine clear sky signal from partly cloudy observations. 



Cloud Properties 
 
RTE for cloudy conditions indicates dependence of cloud forcing 
(observed minus clear sky radiance) on cloud amount (ηελ) and cloud top 
pressure (pc) 
 
                               pc 
 (Iλ - Iλclr)  =  ηελ ∫    τλ dBλ . 
                              ps 
 
Higher colder cloud or greater cloud amount produces greater cloud 
forcing; dense low cloud can be confused for high thin cloud.  Two 
unknowns require two equations. 
 
pc can be inferred from radiance measurements in two spectral bands 
where cloud emissivity is the same.  ηελ is derived from the infrared 
window, once pc is known.  This is the essence of the CO2 slicing 
technique. 



Cloud Clearing 
 
For a single layer of clouds, radiances in one spectral band vary linearly 
with those of another as cloud amount varies from one field of view (fov) 
to another 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Clear radiances can be inferred by extrapolating to cloud free conditions.   
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Moisture 
 
Moisture attenuation in atmospheric windows varies linearly with optical depth. 
            - kλ u 
 τλ =  e             =  1 - kλ u 
 
For same atmosphere, deviation of brightness temperature from surface temperature 
is a linear function of absorbing power.  Thus moisture corrected SST can inferred 
by using split window measurements and extrapolating to zero kλ  
 
Moisture content of atmosphere inferred from slope of linear relation. 
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Comparison of geostationary (geo) and low earth orbiting (leo) 
satellite capabilities 

 
 Geo     Leo 
 
 observes process itself   observes effects of process 
 (motion and targets of opportunity) 
 
 repeat coverage in minutes   repeat coverage twice daily 
 (∆t ≤ 30 minutes)    (∆t = 12 hours) 
 
 full earth disk only    global coverage 
 
 best viewing of tropics   best viewing of poles 
 
 same viewing angle    varying viewing angle 
 
 differing solar illumination   same solar illumination 
 
 visible, IR imager    visible, IR imager 
 (1, 4 km resolution)    (1, 1 km resolution) 
 
 one visible band    multispectral in visible  
      (veggie index) 
 
 IR only sounder     IR and microwave sounder 
 (8 km resolution)    (17, 50 km resolution) 
 
 filter radiometer    filter radiometer, 
      interferometer, and 
      grating spectrometer 
 diffraction more than leo     diffraction less than geo 
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