Radiation, atmospheric radiative transfer, and atmospheric correction

Emitted vs Reflected radiation

All radiation is emitted from somewhere, but some of our remote sensing signals are direct emmitted radiation and others are reflected radiation

Relationship between radiation wavelength and frequency


 = c/

where c is the speed of light (299,792,458 m s-1 or 3e8 m s-1),  is the wavelength of the radiation (m), and  is the frequency (cycles s-1 or Hz)
Violet light (400 nm) has a frequency of  = c/ = 3e8 m s-1/400e-9 m = 7.49e14 cycles s-1 or 7.49e14 Hz or 74,900 GHz

The 18.5 GHz frequency has a wavelength of  = c/= 3e8 m s-1/18.5e9 cycles/sec = 0.016 m   =1.6 cm

For convenience, short wavelength radiation is given as wavelength and long wavelength radiation as frequency

The energy in a photon is related to its wavelength via


e = hc/

where h is Plank’s constant (6.63 e-34 J s)


hc = (3e8 m s-1) (6.63 e-34 J s) = 1.988e-25 J m = 1.988e-16 J nm

For wavelength in nm, this reduces to 


e = (1.988e-16)/ J

A violet photon (400 nm) has 1.988e-16/ J or 4.97e-19 J

A red photon (700 nm) has 2.84e-19 J or 57% of that at 400 nm

Emitted Radiation

The amount of energy emitted from an object is proportional to its temperature

Stephan-Boltzman equation


A black body is a perfect absorber (Absorptivity = 1) and emitter (emissivity=1)


An abstraction but some materials come close.  Emissivity of pure water is 0.993


For a “black body” the radiant flux (J s-1 or W) emitted per unit area is a function of temperature (T) according to


M = T4 (W m-2)

where  is 5.67e-8 W m-2 K-4


 is the Stephan-Boltzman constant

How is this relevant to the greenhouse effect?


Greenhouse gasses in the atmosphere absorb radiation, causing them to heat up.  Because they have a temperature, they emit radiation back toward the earth.

Our radiation comes from the sun, which has a temperature of about 5800K

Therefore, the sun emits 63.4e6 W m-2
By the time that radiation gets to Earth, 150e6 km away, its reduced to 1373 W m-2

This is the Solar Constant

Wien’s displacement Law

The spectral region of maximum radiation is inversely proportional to temperature according to Wien’s displacement Law


max = w/T

Where w (Wien’s displacement constant) is equal to 2.8978e-3 m K

For a 5800K sun, maximum energy per unit wavelength in nm is 


(2.8978e-3 m K*1e9 nm m-1)/5800K = 500 nm

For the 300K Earth, maximum energy per unit wavelength in nm is


(2.8978e-3 m K*1e9 nm m-1)/300K = 9659 nm = 9.7 µm

Wein’s law is used to determine the optimal wavelength for measuring T of Earth

Wein’s law also explains why fires burn the color they do.


Which is hotter, a blue flame or an orange one?



How hot is a blue flame?




(max = w/T




500 nm = (2.8978e-3 m K*1e9 nm m-1)/T




T = (2.8978e-3 m K*1e9 nm m-1)/500 nm




T = 5800K = 5527°C



How about an orange flame




650 nm = (2.8978e-3 m K*1e9 nm m-1)/T




T = (2.8978e-3 m K*1e9 nm m-1)/650 nm




T = 4458K = 4185°C

What color is the sun (why isn’t it blue)?


What we perceive as the sun is the direct beam transmitted radiation


The sun’s blue light has been scattered giving the sky radiance its color

Atmospheric Radiative Transfer

Radiance (L) vs Irradiance (E)

W m-2 sr-1 vs W m-2
Extraterrestrial solar spectrum is similar to a black body at 6000K

Satrt with Beer’s Law


Ez() = E0() exp(-Kd()z)

Kd() is the diffuse attenuation coefficient for downwelling irradiance (1/m).


Kd varies spectrally


Optical depth = Kd z, a function of opacity of medium and pathlength

Extraterrestrial solar spectrum and the solar spectrum at sea level differ a lot according to


Es() = E0() T0()

Where Es is the irradiance at the earth surface, E0 it the extraterrestrial irradiance, and T is the atmospheric transmittance (dimensionless, 0-1), 0 (theta) solar zenith angle
Transmittance from sun to earth:

T0() = exp(-()/cos0)

 is the normal (i.e. assuming verticality of radiation) atmospheric optical thickness
(also dimensionless)


It is equivalent to Kd • z in Beers Law [Ez = E0 exp(-Kd z)]
() = r() + a() + H2O() + O2() + O3() + CO2()


composed of Rayleigh (molecular) and Mie (aerosol) scattering and absorption by gasses


the optical thickness terms are function of type and concentration

Decreased atmospheric transmittance due mostly to scattering but also absorption


Unhatched region between the ET spectrum and the sea level spectrum is due to scattering


Rayleigh scattering – scattering by air molecules = exp(-()/cos0)


() is proportional to 1/4


Very important at short wavelengths, unimportant at long wavelengths


Mie Scattering– scattering by aerosols (e.g. dust, etc.) = exp(-a()/cos0)



a() is proportional to 1/ (0.8 to 1.5)


Also decreases with wavelength – but not as quickly


Absorption by gasses (H2O, CO2, O2, O3)



In this plot, 0 = 0 so cos0 = 1

Diffuse versus direct radiation


The radiation that is scattered in the atmosphere make up the diffuse (sky) radiance



This is why it does not get dark immediately after the sun goes down


The light directly from the sun is the direct radiance

So why is the sky blue?

Atmospheric Correction

A detector measures all the radiation at the proper wavelength that impinges on it.  Unfortunately, often less than 20% of this radiation comes from the ocean surface. The rest is from scattering by air molecules and aerosols.


This is called path radiance


Atttenuation of the emergent flux as it travels to the satellite must be accounted for



Transmittance from Earth to satellite:



Tv() = exp(-()/cosv)

Atmospheric correction (a simplified approach)


The equation describing the radiation measured by a satellite sensor is

LT()= Lr() + La() + TvLw()
(1)


In the case of SeaWiFS,  = 412, 443, 490, 510, 555, 670 nm

LT is measured directly by the satellite

Since we want to know Lw

Lr, La and Tv must be calculated


Lw is then obtained via subtraction



Lw()= [LT() – Lr() – La()]/Tv
(2)

This is called atmospheric correction

Bad imagery is most often due to inadequate atmospheric correction

Calculation of Lr and Tv is straightforward using radiative transfer theory


Rayleigh scattering is invariant because air molecules don’t change

The most challenging part of atmospheric correction is determination of La

Bad atmospheric correction is generally due to improperly estimated La

La is sensitive to differences in particle concentration and type

Most atmospheric correction schemes are based upon the “clear-water radiance concept”


Waters with low suspended particulates act as black body absorbers in the red and IR



i.e. Lw(670) = 0

Because Lw(670) is known, La(670) can be calculated from Equation 1

Once La(670) is known, La at all other wavelengths can be calculated:

(text in bold below was not covered in class.  Its FYI only if you crave more detail)

La()/La(670) = (, 670)*(F’()/F’(670)
(3)

Where F’() is the extraterrestrial solar irradiance (corrected for O3 absorption in both directions)

 is the ratio of aerosol optical thickness at  and 670 nm, calculated as

 = (/)-a
(4)

where a is the Angstrom exponent which varies from 0.85 to 1.5

 corrects for the fact that La()/La(670), being at different , will be attenuated differently and are therefore not directly proportional to F’()/F’(670)

The Angstrom exponent depends on the characteristic of the aerosols


e.g. size distribution, aerosol type (salt, dust, etc.)


not the concentration

Aerosol optical thickness is just a measure of the degree of scattering by aerosols


remember, aerosol (Mie) scattering is strongest at shorter wavelengths

For the wavelengths 443 and 670


when a=0.85, then =1.43


when a=1.5 then =1.88

Once values for La are known, then Equation 1 is used to calculate Lw
Problems arise when Lw(670) or Lw(near-IR) ≠ 0

    LT(670) = Lr(670) + La(670) + TvLw(670)
or if we rearange
    La(670) = LT(670) - Lr(670) - TvLw(670)

We can calculate La if we assume Lw(670) = 0

    La(670) = LT(670) - Lr(670) - TvLw(670)

        2       =      3       - 1           -     0

But what if Lw(670) isn’t zero?
LT(670) will be too big and we will stilll think Lw(670) = 0

    La(670) = LT(670) - Lr(670) - TvLw(670)

        X       =      4           - 1      -       0
When we calculate La assuming Lw(670) = 0, La(670) will be too big
    La(670) = LT(670) - Lr(670) - TvLw(670)

        3       =      4       -      1      -       0

La(670) is used to calculate La at all other wavelengths so La will be too big at all wavelengths
When La() is plugged into Eq 2, Lw() is too low and can even go negative


Lw() = [LT() – Lr() – La()]/Tv


-1          =        5       -      2       -       4
More advanced atmospheric correction schemes exist


Pixel by pixel correction


No assumptions about near-IR Lw

Lw is the basis for all remote sensing algorithms


However, the absolute value is of limited use (If Lw is low, you can’t tell if its because its late in the day or the signal is just weak (I,e, temp is low or chl is high)



It is often used in different forms




nLw and RRS
nLw,  Normalized Water-Leaving Radiance is the radiance that would exit the ocean in the absence of the atmosphere if the Sun were at the zenith


Removes effect of atmosphere and solar zenith angle on Lw


nLw ≈ Lw/cos
RRS, Remote sensing reflectance, Downwelling irradiance measurements just above the sea surface are used to convert the water-leaving radiance values into remote sensing reflectance values


RRS = Lw/Ed
