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We may now consider a single two-layer system that the combined reflectance via Eq. (6.4.9a) is defined by 
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For an optically thin layer, the reflectance and transmittance for radiation from above and below may be assumed to be the same, i.e., 
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.  Equation (7.3.17b) contains four unknowns:  De (1,2) and IWC(1,2).  Thus, four or more spectral reflectance measurements may be selected to perform retrievals.  Direct inversion is obviously not feasible, but a numerical solution could be developed.  The adding method for reflectance may be extended to a number of layers such that a vertical profile for De and IWC may be inferred from a set of carefully selected spectral measurements.  The preceding analysis suffices to point out the rich information inherent in the water vapor line spectra reflected from cloudy atmospheres, a subject that has not been explored for the remote sensing of cloud vertical structure.

  
In section 3.2.3, we discussed the characteristics of the oxygen absorption bands.  The oxygen A-band is produced by the transitions of ground electronic states accompanied by vibrational-rotational transitions and is centered at 13,212cm-1 (red band).  The optical depths of the A-band are determined by molecular oxygen (or air) density and therefore are known quantities.  The absorption of solar irradiance by the oxygen A-band radiometer sees the earth’s atmosphere principally in the upper troposphere and low stratosphere and, can therefore, be used to infer the position of high-level cirrus clouds, a research area of considerable interest.  

7.4 Remote Sensing Using Emitted Infrared Radiation

7.4.1 Theoretical Foundation

We shall first present the theoretical foundation of infrared remote sensing in the context of satellite applications.  In a nonscattering atmosphere that is in local thermodynamic equilibrium, the basic equation that governs the transfer of emitted thermal infrared (IR) radiance at a given wavenumber, v, can be described by
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where
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 is the emergent angle, Bv is the Planck function, and the optical depth is defined by                             
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with pa the density of the abosorbing gases and Kv the absorption coefficient.  In thermal IR radiative transfer, radiance in the wavenumber domain is used instead of intensity for reflected and transmitted sunlight in the wavelength domain.

                        Application of Radiative transfer Principles to Remote Sensing pg.384

From the basics equation, the solution for upward radiance is given by the following integral equations:                               
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Where 
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 is the optical depth at the surface and Iv
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denotes the emitted surface radiance generally assumed to be isotropic.  The first term on the right-hand side represents the surface emission contribution attenuated to the level 
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, while the second term denotes the emission contribution of the atmosphere between 
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For application to satellite remote sensing, it suffices to assume that the satellite instrument observes in a narrow cone in the local vertical so that everywhere within the cone the cosine of the emergent angle
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, referred to as the upwelling direction.  The emitted radiance at the surface Iv
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vBv (Ts), where Ev is the surface emissivity and Ts is the surface temperature.  The emissivities of most of the earth’s surfaces in the thermal IR region are close to 1.  Thus, for all practical purpose, we may use the Planck function for the emitted radiance at the surface.  


Moreover, in remote sensing the exponential terms are generally expressed in terms of the transmittance and weighting function defined in the following.  The monochromatic transmittance is defined by 
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(7.4.4)

and the weighting function by
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(7.4.5)

It follows that at the top of the atmosphere (TOA), we have
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(7.4.6)

For application to atmospheric remote sensing, the height or pressure coordinate is usually employed.  Height and pressure are related via the hydrostatic equation, 

dp= -pgdz, where p is the air density and g is the gravitational acceleration.  The mixing ratio for a specific gas with density pa is defined as q=pa/p.  Thus, we can rewrite Eq.  (7.4.6) in the pressure coordinates as follows:
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where ps denotes the surface pressure.  

   An instrument can distinguish only a finite bandwidth 
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denotes the instrumental response (or slit) function and v is the mean wavenumber.  The measured radiance from a spectrometer over a wavenumber interval (V1,V2) in the normalization form is given by
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The effective spectral interval for the response function is usually small enough that the variation of the Planck function is insignificant.  We can then replace its value by Bv(T) without introducing noticeable errors.  It follows that by carrying out the wavenumber integration over Eq.  (7.4.7), we obtain
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where, when the instrumental response function is accounted for, the spectral transmittance is defined by
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Equations (7.4.9) is fundamental to remote sensing of the atmosphere and the surface from orbiting meteorological satellites.  The upwelling radiance is a result of the product of the Planck function, the spectral transmittance, and the weighting function.  The temperature information is included in the Planck function, while the density profiles of relevant absorbing gases are involved in the transmittance.  Observed radiances will thus be directly or indirectly associated with the temperature and gaseous profiles.  Extracting the relevant information about the atmospheric state and composition from observed IR radiances is the essences of remote sensing from space.


We shall now review the potential information content in the thermal IR spectrum (Fig, 4.3).  There are four regions over which water vapor, ozone, and carbon dioxide exhibit a significant absorption spectrum.  Carbon dioxide absorbs IR radiation in the 

15 
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m band from about 600 to 800cm-1.  In addition, carbon dioxide also absorbs radiation in the 4.3 
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 region that overlaps with solar radiation.  Absorption due to ozone is primarily confined to the 9.6 
[image: image24.wmf]m

m

band.  Water vapor exhibits absorption lines over the entire infrared  spectrum.  The most pronounced absorption occurs in the 6.3 
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vibrational-rotational band and in the pure rotational band with wavenumbers less than about 500cm-1.  From about 800to 1200cm-1, referred to as the atmospheric window, absorption due to atmospheric gases shows a minimum, except in the 9.6
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 ozone band.  There are also absorption bands for various greenhouse gases that can be used for their determination by remote sensing:  the CH
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 7.6 
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 band, thes N
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m band, and some CFC lines in the window.  

Pg.386 7.4.2 Surface Temperature Determination

If observations are taken in the window region where the effect of the atmosphere is at a minimum, the upwelling radiance at TOA must be closely associated with emission from the surface, Replacing v by I for convenience of discussion, we may define a mean temperature for the atmosphere, Ta’ and simplify Eq.  (7.4.9) in the form 
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where we let Ti=Ti(ps).

We now introduce the split-window technique for the determination of surface temperature that uses observations at two channels to eliminate the term involving Ta and solve for Ts.  The value of Ta generally varies by less that 1 K in the window region from about 10.5 to 12.5
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, in which variability of the surface emissivity is insignificant.  The atmospheric transmittance in the window region is primarily produced by the continuous absorption of water vapor and to a good approximation is given by 
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where k, is the absorption coefficient of water vapor for a spectral band in the window and u is the water vapor path length.  

    Applying the window equation to two channels, we have

                      
[image: image34.wmf])

1

)(

(

)

(

)

(

1

1

1

1

1

1

1

T

Ta

B

T

Ts

B

T

B

I

b

-

+

=

=

            (7.4.13)

                       
[image: image35.wmf])

2

2

2

2

2

2

2

1

)(

(

)

(

)

(

T

Ta

B

T

Ts

B

T

B

I

b

-

+

=

=

         (7.4.14)

where we have also expressed the observed radiances I
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 and I
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 in terms of the brightness temperatures  
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 and 
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.  The objective of the split-window techniques is to eliminate 
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, and to do so, we may expand the Planck function of temperature T by means of the Taylor series with respect to 
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 in the form
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Applying Eq.  (7.4.15) to the two channels with i=1,2 and eliminating 
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Further, by replacing T by 
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 and 
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in Eq.  (7.4.16) and utilizing Eq. (7.4.14), after some analysis we obtain the following.  
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By eliminating 
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from Eqs.  (7.4.17) and (7.4.13), we obtain the split-window equation in the form


[image: image49.wmf])

(

)

(

[

)

(

)

(

2

1

1

1

1

1

1

b

b

b

s

T

B

T

B

T

B

T

B

-

+

=

h

]              (7.4.18)

where    
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7.4 Remote Sensing Using Emitted Infrared Radiation

  In practice, the Planck function is replaced by the brightness temperature.  Since a local linear relation can be established between the two, particularly in a small spectral interval in the window region, we may write.
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where a,b, and c are empirical coefficients derived from in situ observations obtained from drifting buoys (McClain et al…1985), and 
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    are the brightness temperatures involving a combination of AVHRR 10.9, 12.0 and 3.7 
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m channels.  The satellite-derived temperatures correspond to the temperature of a surface (skin temperature), whereas the buoy measurements are associated with a layer of water some meters deep.  The regression approach of the multichannel techniques is used partly to adjust (or tune) the satellite skin temperatures to the in situ bulk temperatures and partly to account for the water vapor absorption in the window, particularly in the moist tropical region.  Since 1970, global SSTs have been operationally produced and archived.  An important part of SST retrieval is the detection and elimination of clouds.  Several threshold methods are employed for these purposed based on the bi-directional reflectance of the solar channels with respect to the sea surface uniformity in nighttime.  The split-window technique has also been used for the determination of surface temperature over land in conjunction with land-atmosphere interaction studies.  (Brutsaert et al.,  1993).

7.4.3 Remote Sensing of Temperature Profiles 

Inference of atmospheric temperature profiles from satellite observations of thermal infrared emission was first suggested by King (1965),   In his pioneering paper, King pointed out that that the angular radiance ( intensity) distribution is the Laplace transform of the Planck intensity distribution as a function of optical depth, and illustrated the feasibility of deriving the temperature profile from satellite intensity scan measurements.  


Kaplan (1959) advanced the sounding concept by demonstrating that vertical resolution of the temperature field can be inferred from the spectral distribution of atmospheric emission. Kaplan pointed out that observations in the wings of a spectral band sense deeper into the atmosphere since the radiation mean free path is small.  Thus, by properly selecting a set of different sounding wavenumbers, the observed.
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