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IntroductionIntroduction
•• The IR spectral radiative properties of the earth’s surface The IR spectral radiative properties of the earth’s surface 

(viz., emissivity and reflectance) are recognized to be (viz., emissivity and reflectance) are recognized to be 
key factors in most satellite remote sensing applicationskey factors in most satellite remote sensing applications

•• Although the surface emissivity is often close to unity, Although the surface emissivity is often close to unity, 
the current accuracy requirements for parameter the current accuracy requirements for parameter 
retrievals have invalidated the “classical” (e.g., retrievals have invalidated the “classical” (e.g., TwomeyTwomey, , 
1977) assumption of a blackbody surface (1977) assumption of a blackbody surface (e.ge.g, , KornfieldKornfield
and and SusskindSusskind, 1977), 1977)

•• Therefore, most statistical and physical retrieval Therefore, most statistical and physical retrieval 
algorithms must account somehow for nonalgorithms must account somehow for non--unity unity 
emissivityemissivity



IR Radiative Transfer 101IR Radiative Transfer 101
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DefinitionsDefinitions
(assuming azimuthal symmetry)(assuming azimuthal symmetry)

•• Emissivity:Emissivity:

•• Absorptivity:Absorptivity:

•• Bidirectional Bidirectional 
reflectance (BRDF):
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Conservation of Energy and Conservation of Energy and 
Kirchhoff’sKirchhoff’s Law for SurfacesLaw for Surfaces
Conservation of EnergyConservation of Energy implies that for radiance incident implies that for radiance incident 
upon a layer interfaceupon a layer interface
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IR Radiative Transfer Equation (RTE)IR Radiative Transfer Equation (RTE)
(assuming azimuthal symmetry)(assuming azimuthal symmetry)
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Optics 101Optics 101
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AirAir--Water Interface PlaneWater Interface Plane

•• Complex index of refraction:Complex index of refraction:
•• Snell’s Law:Snell’s Law:

•• IR Reflectivity:IR Reflectivity:

•• Fresnel Equations:Fresnel Equations:

•• Such reflection is defined as Such reflection is defined as specularspecular.

)()( ννν kinN +=

)sin(
)sin()(

t

in
Θ
Θ

=ν

( )22
|| ||||

2
1),( ⊥+=Θ ρρρ ν iN

ti

ti

i

r
i

ti

ti

i

r
i

N
N

E
EN

N
N

E
EN

Θ+Θ
Θ−Θ

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≡Θ

Θ+Θ
Θ−Θ

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≡Θ

⊥

⊥ coscos
coscos),(

coscos
coscos),(

0

0

||0

0
||

ν

ν
ν

ν

ν
ν

ρ

ρ

.



77--SepSep--0505 N. Nalli N. Nalli -- Cross Training MeetingCross Training Meeting 1010

Optical Constants of WaterOptical Constants of Water

•• The The extinction coefficientextinction coefficient has been has been 
obtained in the laboratory by applying the Beerobtained in the laboratory by applying the Beer--
Lambert Law for the attenuation of radiant flux Lambert Law for the attenuation of radiant flux 
through a cell wedge of pure water.through a cell wedge of pure water.

•• The refractive index         can then be obtained The refractive index         can then be obtained 
from from kk via via KramersKramers--KronigKronig analysis (a Fourier analysis (a Fourier 
transform technique).transform technique).

•• Friedman (1969) obtained corrections for the Friedman (1969) obtained corrections for the 
effects of dissolved ions present in sea water. effects of dissolved ions present in sea water. 

)(νk

)(νn



Analytical Facet ModelAnalytical Facet Model
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Wind Roughened Water Wind Roughened Water 
SurfacesSurfaces
•• Winds perturb the surface creating capillary waves, Winds perturb the surface creating capillary waves, 

which, depending on speed and fetch, generate “gravity” which, depending on speed and fetch, generate “gravity” 
waves.waves.

•• This roughness scatters incident radiation in directions This roughness scatters incident radiation in directions 
other than the specular direction.other than the specular direction.

•• Because surface curvature is large compared to IR (and Because surface curvature is large compared to IR (and 
visible) wavelengths, the geometrical optics limit applies.visible) wavelengths, the geometrical optics limit applies.
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WaveWave--Facet Tangent PlaneFacet Tangent Plane
•• The reflected field at each The reflected field at each 

point on the surface is then point on the surface is then 
equivalent to that from a equivalent to that from a 
plane tangent to the surface plane tangent to the surface 
at that point.at that point.

•• Waves can thus be modeled Waves can thus be modeled 
as facet planes.as facet planes.

•• IR (and visible) reflection IR (and visible) reflection 
from water surfaces is from water surfaces is 
considered considered quasiquasi--specularspecular, , 
because the specular because the specular 
component is still significant.

Cartesian coordinate system for a wave facet

From Nalli et al. (2001)

component is still significant.
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Wave Slope Probability DistributionWave Slope Probability Distribution

•• Cox and Cox and MunkMunk (1954) (and others) have found that the (1954) (and others) have found that the 
ocean surface slope distribution to be approximately ocean surface slope distribution to be approximately 
Gaussian and isotropicGaussian and isotropic

•• Cox and Cox and MunkMunk also found the meanalso found the mean--square slope square slope σσ22 to to 
vary directly and linearly with wind speed.vary directly and linearly with wind speed.

•• The ensemble mean emissivity is written as
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Coordinate Transformation and Coordinate Transformation and 
Accounting for Wave BlockingAccounting for Wave Blocking
•• The slope components (The slope components (zzxx, z, zyy) are expressed in terms of local ) are expressed in terms of local 

zenith cosine and azimuth anglezenith cosine and azimuth angle

•• Wave blocking is accounted for by adjusting the limit on the aziWave blocking is accounted for by adjusting the limit on the azimuth muth 
integration and using a normalized PDF, integration and using a normalized PDF, PP**.  The facet model is .  The facet model is 
then expressed asthen expressed as

•• This essentially is the famous Masuda et al. (1988) model.  AmonThis essentially is the famous Masuda et al. (1988) model.  Among g 
other things, Masuda et al. published convenient lookup tables oother things, Masuda et al. published convenient lookup tables of f 
model emissivitymodel emissivity
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Observations of Ocean Observations of Ocean 
Surface EmissivitySurface Emissivity
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Field ObservationsField Observations
•• Despite the convenience of the Masuda et al. (1988) Despite the convenience of the Masuda et al. (1988) 

model, it was not widely used.  This was probably model, it was not widely used.  This was probably 
because of the lack of any means to “validate” the because of the lack of any means to “validate” the 
model against independent field data.model against independent field data.

•• In 1995, a retrofitted UWIn 1995, a retrofitted UW--Madison Madison Atmospheric Atmospheric 
Emitted Radiance Interferometer (AERI)Emitted Radiance Interferometer (AERI) was was 
deployed at sea for a 4deployed at sea for a 4--day field experiment in the day field experiment in the 
Gulf of Mexico (Smith et al., 1996).  For the first Gulf of Mexico (Smith et al., 1996).  For the first 
time, IR spectra of the ocean surface were obtained.time, IR spectra of the ocean surface were obtained.

•• The algorithm for retrieving spectral emissivity from The algorithm for retrieving spectral emissivity from 
the AERI (and today’s Mthe AERI (and today’s M--AERI) uplooking AERI) uplooking 
(atmospheric) and downlooking (ocean) radiances is (atmospheric) and downlooking (ocean) radiances is 
based uponbased upon

The effective incidence angle of the emissivity is The effective incidence angle of the emissivity is 
iterated until the iterated until the TTBB spectral variance is minimized.spectral variance is minimized.
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First Comparison of Masuda Model Against First Comparison of Masuda Model Against 
AERI Field Observations (Smith et al., 1996)AERI Field Observations (Smith et al., 1996)

Figures from Smith et al. (1996)
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EnhancementsEnhancements

•• Comparisons against observed emissivity from AERI during the 4Comparisons against observed emissivity from AERI during the 4--
day Gulf of Mexico cruise suggested a significant deficiency in day Gulf of Mexico cruise suggested a significant deficiency in the the 
Masuda model at larger view angles.Masuda model at larger view angles.

•• This has led to a number of recent enhancements in the basic This has led to a number of recent enhancements in the basic 
emissivity facet models.emissivity facet models.

•• Watts et al. (1996) and Wu and Smith (1997) both include physicsWatts et al. (1996) and Wu and Smith (1997) both include physics to to 
account for multiple reflections.account for multiple reflections.
–– SurfaceSurface--emitted, surfaceemitted, surface--reflected (SESR) radiation was determined to reflected (SESR) radiation was determined to 

be significantbe significant
–– SESR was accounted for by first computing an enhanced Fresnel SESR was accounted for by first computing an enhanced Fresnel 

reflectivity using the same PDFreflectivity using the same PDF

•• More recently, Henderson et al. (2003) used a Monte Carlo facet More recently, Henderson et al. (2003) used a Monte Carlo facet 
model to account for this effect in a more rigorous manner.model to account for this effect in a more rigorous manner.
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Enhanced Emissivity ModelsEnhanced Emissivity Models

From Henderson et al. (2003)

Henderson et al. (2003)Henderson et al. (2003)Watts et al. (1996)Watts et al. (1996)

From Watts et al. (1996)

••Among other things, note that the enhanced Among other things, note that the enhanced 
emissivity models predict a higher emissivity with emissivity models predict a higher emissivity with 
increasing surface roughness.increasing surface roughness.

••It should also be noted that these models have It should also be noted that these models have 
not attempted to model the reflected component of not attempted to model the reflected component of 
radiance.radiance.
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SummarySummary

•• Over oceans, spectral emissivity can be predicted as a Over oceans, spectral emissivity can be predicted as a 
function of local surface windspeed, based upon function of local surface windspeed, based upon 
classical interface optics and the wave facet model.classical interface optics and the wave facet model.

•• Land surfaces are another story…Land surfaces are another story…
•• Published ocean emissivity models compare reasonably Published ocean emissivity models compare reasonably 

well against observations (viz., AERI).well against observations (viz., AERI).
•• However, more recent results from MHowever, more recent results from M--AERI (AERI (HanafinHanafin and and 

MinnettMinnett, 2005) are showing even these “enhanced” , 2005) are showing even these “enhanced” 
models to be somewhat deficient at larger angles and models to be somewhat deficient at larger angles and 
windspeeds.windspeeds.

•• To be continued… To be continued… 
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