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How can we measure physical quantities from satellites? What are the physical principles underlying these techniques?





The science of remote sensing is based on an understanding of the way radiation is transmitted, absorbed, and reflected by the earth and its atmosphere. These notes are intended to review some fundamental concepts in atmospheric radiation and relate these to current techniques in satellite meteorology.
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1. Electromagnetic spectrum


�


Figure � SEQ Figure \* ARABIC �1�. A portion of the electromagnetic spectrum (from Wallace and Hobbs ….)





The majority of the sun's radiation is in the visible portion of the spectrum (0.3�0.8 mm), while the majority of the earth's radiation is in the infrared (IR) portion of the spectrum (1 �30 mm). These two spectral regions are the most familiar to meteorologists who routinely look at satellite imagery. The microwave region is also important in remote sensing of atmospheric temperature and moisture, as well as surface properties. 





Microwave satellite measurements are not usually viewed as imagery, at least in an operational forecasting environment, but the same principles apply to this region of the spectrum as to the infrared region.
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Figure � SEQ Figure \* ARABIC �2�. Transmissivity of the atmosphere at VIS and IR wavelengths (from   )





Spectral regions in which the atmosphere does not absorb much radiation are called "window" regions. Many satellite instruments measure radiation in these windows to get a relatively clear look at the clouds or surface properties. Other instruments measure radiation in atmospheric absorption bands, where the strength of the signal gives information about the atmospheric temperature or absorber (usually H20) content.








2. "Flux" and "radiance"





The flux (F) (also called irradiance) is the amount of radiant energy passing an area per unit time:





�EMBED Equation.3���








Fig 3. Relationship between radiance and irradiance. The radiation is impinging on a unit area in the "equatorial plane" of a sphere of unit radius. (From Wallace and Hobbs ….)





Solar radiation is generally expressed as a flux.





The radiance ( R also called intensity) is the amount of radiant energy per unit time coming from a specific direction and passing through a unit area perpendicular to that direction:





�EMBED Equation.3���
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Figure � SEQ Figure \* ARABIC �3�.Relationship between radiance and irradiance. The radiation is impinging on a unit area in the "equatorial plane" of a sphere of unit radius (From Wallace and Hobbs )





The satellite measures radiances.








3. Blackbody radiation





A blackbody is a body which absorbs and emits radiation such that:





all incident radiation is completely absorbed (i.e., black) 


in all wavelengths and in all directions the maximum possible emission is realized 





a = e = 1





�EMBED Equation.3���





�EMBED Equation.3���





The earth's surface is essentially a blackbody in infrared wavelengths. The same can be said for thick clouds. 








Planck's law gives the spectral radiance emitted by a blackbody at temperature T.





�EMBED Equation.3���





c1, and c2 are constants. Bl(T) is known as the Planck function. It relates radiance


(what the satellite measures) to temp�erature (the physical quantity we want to


determine ) 








Figure � SEQ Figure \* ARABIC �4�. Planck function 





Setting dBl(T)/dl to zero, the wavelength of peak emission for a blackbody is inversely proportional to the temperature:





�EMBED Equation.3���	





This explains why most of the sun's radiation is in short (visible) wavelengths and most of the earth's radiation is in infrared wavelengths.





The blackbody flux (integrated over all wavelengths and solid angles) is





�EMBED Equation.3���








�EMBED Equation.3���	





4. Brightness temperature





The satellite measures radiance in a spectral band centred on a wavelength l. In practice, the Planck function Bl (T) is inverted to derive a temperature known as the brightness temperature, TB. The satellite measured brightness temperature will be the same as the physical temperature, T, if:





1.	the source of radiation is a blackbody (at least in that wavelength), and





2.	there is no modification of the radiation by the atmosphere between the source and the satellite.





This requires measurement in a window channel (the most commonly used is approximately 11 mm). Even then, because none of the IR windows are truly clear, lower tropospheric water vapour can modify the radiation emitted from the surface or low level cloud, causing TB < T








5. Spectral absorptivity and emissivity





At any given wavelength, l, the absorptivity is equal to the emissivity:





�EMBED Equation.3���





In radiative equilibrium, the energy emitted by a body must be the same as the energy absorbed.





Because the atmosphere contains various absorption bands (i.e., al varies with


wavelength), it follows that el also varies with l. This forms the basis for atmo�


spheric temperature and moisture sounding (retrieval).








6. Disposition of monochromatic (single wavelength) radiation





The radiation at wavelength l incident upon an opaque surface is either absorbed or reflected: 





al + rl =1  





�EMBED Equation.3���





The earth's surface is an example of an opaque surface. For example, of the solar radiation at a wavelength of 0.5 mm striking a soil surface, about 80% is absorbed (a0.5 ~ 0.80) and about 20% is reflected (r0.5. ~ 0.20).





The monochromatic radiation incident upon an non�opaque (or semi�transparent) surface is either absorbed, reflected, or transmitted:





al + rl + tl =1  





�EMBED Equation.3���





The atmosphere and clouds are both semi�transparent to visible radiation. For example, of the solar radiation at 0.5 mm striking a thick cloud, about 15% of it is absorbed (a0.5 ~ 0. 15), about 60% of it is reflected (r0.5 ~ 0.60), and about 25% of it is transmitted(t0.5 ~ 0.25).





aIR + tIR = 1





Applying Kirchoffis law,





eIR + t IR = 1





These simple relations between absortion, emissivity, reflection, and transmission form the basis for multispectral satellite applications such as sea surface temperature retrieval, fog detection, volcanic ash detection, and many others.





7. Radiative transfer





The incremental extinction (depletion) of a beam of radiation as it passes vertically through an infinitesimally thin layer, dz, is





�EMBED Equation.3���





where r is the density of the medium and kel is the extinction coefficient (units of m2 kg�1). rkel measures the extinction per unit length.
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Figure � SEQ Figure \* ARABIC �5�. Depletion of an incident beam of unit cross section while passing through an absorbing layer of infinitesimal thickness








The extinction can take place due to scattering and absorption, i.e.,





kel  = ksl  + kal 





where ksl  and kal  are the scattering coefficient and absorption coefficient, respectively.





Integrating vertically through the depth of the atmosphere yields


�EMBED Equation.3���





where Fl0 is the flux at the source and sql is the extinction optical depth, which represents the cumulative depletion of radiation as a result of its passage through the layer: 


�EMBED Equation.3���





Similar expressions can be written for scattering and absorption optical depths, and these sum to equal the extinction optical depth,





�EMBED Equation.3���





It follows that the transmissivity, that is, the fraction of the original flux that emerges after passing through the atmosphere, is:





�EMBED Equation.3���





In the case of infrared radiative transfer, where scattering is negligible, then �EMBED Equation.3���





8. Radiative transfer equation





The total radiation at the top of the atmosphere is the sum of the transmitted fraction of the original radiation, plus the contribution due to emission from the atmosphere itself. Conceptually, each layer in the atmosphere receives radiation from the layers above and below it, and also emits radiation in both directions.





�


Figure � SEQ Figure \* ARABIC �6�. IR transmission 





What eventually leaves the top of the atmosphere is an integrated product of the emitted Planck radiance from the layers, and the differential transmissivity. This can be written as the radiative transfer equation:





�EMBED Equation.3���





The quantity �EMBED Equation.3��� is known as the weighting function, and �EMBED Equation.3����EMBED Equation.3���gives the upwelling radiance contribution from a given height z.





�


Figure � SEQ Figure \* ARABIC �7�. Weighting functions, for a US standard atmosphere at nadir viewing, for the seven HIRS21 MSU channels used to determine th temperature profile. These channels are used to estimate mean temperatures for the layers bounded by *





The behaviour of the weighting function depends on the atmospheric absorption. If the absorption coefficient is large (near the peak of a spectral absorption band, for example), then most of the measured radiation comes from the upper layers of the atmosphere (i.e., the weighting function peaks in the upper atmosphere). This is because most of the radiation from lower levels is absorbed before reaching the top of the atmosphere. Conversely, when the absorption coefficient is small, most of the radiation from lower levels is transmitted rather than absorbed, and the weighting function peaks at low altitudes in the atmosphere.


�





Figure � SEQ Figure \* ARABIC �8�. Outgoing radiance in terms of blackbody temperature in the vicinity of 15mm C02 band observed by the IRIS on Nimbus IV. The arrows denote the spectral regions sampled by the VTPR instrument.





By choosing spectral regions with varying absorption coefficients, it is possible to isolate the radiance contributions from varying heights in the atmosphere. Simultaneous inversion of the radiative transfer equation in a number of spectral channels yields a vertical profile of temperature.





9. Spectral variation of absorption





We have already seen how the rate of atmospheric absorption depends on the absorption coefficient kal. Physically, the absorption is proportional to the absorption component of the index of refraction. The index of refraction is a property of the medium (air, water, etc)


�





Figure � SEQ Figure \* ARABIC �9�. 





Notice that liquid water and ice have different absorption characteristics. This partly explains the difference in radiative properties between water clouds and ice clouds





10. Scattering by particles





The other component of the index of refraction is the scattering component. In general, if a particle is an effective absorber then it is a less effective scatterer, and visa versa. Clouds appear bright because cloud droplets scatter solar radiation very efficiently.


�


Most reflection of solar radiation by cloud droplets is in the Mie scattering regime (2pr ~ l, where r is droplet radius). 








Figure � SEQ Figure \* ARABIC �10�. 


Some results of Mie calculations are:





Small droplets scatter solar radiation more effectively than large droplets.


For a given particle size, water droplets scatter solar radation more effectively than ice crystals because ice absorbs better than water.








�


Figure � SEQ Figure \* ARABIC �11�. Efficiency ractor for scattering Qs as a function or the size parameter x = 2pa/l. The refractive index in mf = 1.33, with results shown for four values of mi (after Hansen and Travis. 1974).





11. Multiple scattering in homogengous layer





When radiation strikes a homogeneous layer, some of it is absorbed, some is reflected, and the remainder is transmitted. A photon is scattered many times from particle to particle before exiting the layer �� this is known as multiple scattering.
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Figure � SEQ Figure \* ARABIC �12�. 





Taking a cloud as an example, the fluxes ectaping from the top of the cloud (the reflected flux) and from the bottom of the cloud (the transmitted flux) depend on many factors: 


particle composition (water, ice, other) 


particle size distribution 


particle shape (round, crystal, other) 


particle number density 


path length in layer


wavelength of radiation





�


Figure � SEQ Figure \* ARABIC �13�. 


