PHY2505S

Atmospheric radiation and remote sensing

Spring term 2003

Problem set 1: Solution set
Due: 10am Tuesday February 11th  (in class)

Notes: Answer all 4 questions. Marks shown in brackets will be given for working as well as final answers. Total = 40

Data:

Radius of the sun


= 6.96x105km

Mean Earth-Sun distance

= 149x106km

Mean Mars-Sun distance

= 225x106km

Mean temperature of the sun

= 5800K

First radiation constant, 
C1

=1.191x10-16 W m2 sr-1

Second radiation constant, C2

=1.439x10-2 mK

Boltzmann’s constant


=1.381x10-23 JK-1
Stefan’s constant


=5.670x10-8 Wm-2 K-4
1. Indicate whether the following statements are true or false. If false, give a correct statement, but not simply the negative of the original. [Each part is worth 1 mark, for 6 marks total]

a. An isotropic field depends only on direction not position.

FALSE: An isotropic field depends only on position not direction [1]

b. Derivation of the most general form of the blackbody function relies on Boltzmann statistics

TRUE [1]

c. The ionization of atoms and molecules and the dissociation of molecules gives rise to UV-visible absorption spectra

TRUE [1]

d. Schwarzwald’s equation is a simplified form of the Radiative Transfer equation and applies to cases where emission can be ignored.

FALSE: Schwarzschild’s equation is a simplified form of the RTE and applies to cases where scattering can be ignored [1]

e. Sunspots are irregular patches of colder material on the sun’s visible surface which cover less than 0.2% of this surface and so have no effect on the sun’s radiative output.

FALSE: Sunspots are irregular patches of colder material on the sun’s visible surface which cover less than 0.2% of this surface and do moderate the sun’s output slightly. [1]

f. At wavelengths below the hydrogen Lyman- line, solar radiation is prevented from reaching the Earth’s surface due to absorption by O, O2, N and N2.
TRUE [1]
2. Application of solid angle and Beer’s Law to a plane parallel atmosphere…

a. Show that for isotropic radiation the spectral flux density is F=I [4]
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b. What is the solid angle that the sun subtends from (i) Earth (ii) Mars? [2]
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where 
Rs= radius of the sun 

Rs-p= mean distance of planet from sun

(i) Earth, e= x (6.96e5 / 149e6)2 = 6.85e-5   sr 
[1]

(ii) Mars, m= x (6.96e5 / 225e6)2 = 3.00e-5   sr 
[1]

c. For calibration purposes, a satellite instrument is pointed at the center of the sun and observes the sun at a high angle. If the instrument has a field of view of 2x10-5 sr what is the spectral flux density it measures at 550nm (i) from Earth orbit (ii) from Mars orbit? [3]
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Spectral flux density, F=IWm-2 um-1]where I is spectral radiance      [1]

As the sun is at high sun angle, the instrument optical path does not pass through the atmosphere and we can assume we are looking directly at the solar source.

Assume the sun is a blackbody with mean temperature 5800K
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[1]

As the instrument field of view is smaller than the solar disc, both orbital positions see the same spectral flux density 

(i, ii) F=I = 8.37e12 x 2e-5 = 1.67 e8  Wm-2 m-1   



[1]

d. If the instrument has a field of view of 6x10-5 sr, what is the spectral flux density measured at 550nm (i) from Earth orbit (ii) from Mars orbit? [3]
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3. Rotational and vibrational frequencies

a. Assume that the atmosphere follows the ideal gas law, with the density decreasing as (z)=(0)exp(-z/H) where H is the scale height of the atmosphere ~7km. If the Lorentz line width is 100 times larger than the Doppler width at ground level, at what altitude are these widths equal? [4]
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b. Using the Webgen line-by-line radiative transfer model at

http://nitrogen3.atmosp.physics.utoronto.ca/webgen_atm_in.html 

Run the model and plot the transmission spectrum for CO in the Earth’s atmosphere for the following situation:

ZPT profile


Earth(0-120km)

Altitude region:


500:10000m

Zenith angle


0

Gas



CO

Isotopes


all

Mixing ratio profile

Refmod95 (Earth)

Line shape


Lorentz

Wavenumber region: 

2100 to 2300 cm-1 

Resolution:


0.1cm-1 

Label the J+-1,2 transitions and the P, Q and R  branches, and from the plot estimate the v1 fundamental vibrational frequency and the rotational constant, B, of CO.[4]
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c. Run the model and plot the spectrum as before but in the interval 2050-2055cm-1 for Lorentz lineshape. Repeat the run for Doppler lineshape. Comment on which absorption model is most suitable for measuring CO at these altitudes.[2]

d. Show that the relative importance of Doppler broadening compared to Lorentz broadening can be expressed as
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where vo is in Hz and p in mbar. Explain any assumptions[6]



4. Thermodynamic equilibrium

Consider a two level system





For a system in equilibrium, the total rates of relaxation and excitation balance. The rates are given by the coefficients multiplied by the number density n in the energy level where the transition originates. The balance condition is therefore:

C12uvn1+b12n1 = C21uvn2 + A21n2 + b21n2

The units of reaction rate is molecules per unit volume per second
a. Describe the three processes, represented by the coefficients C12, C21 and A21, by which a molecular system interacts with a radiation field and define the symbols used. See for example: http://www.nat.vu.nl/~wimu/Einst.html [3]


In order to derive an expression for the condition of balance in terms of the large scale energy field, we consider the total energy per volume absorbed from any given direction in a material 
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Equating this with the expression for energy per volume of excitation (rate of excitation x photon energy)
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We treat emission in the same way but assume the emitted radiation field J is isotropic:
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n

A

J

k

´

=

21

21

4

r

p


b. By neglecting stimulated emission and by substituting these two expressions into the balance condition, show 
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[3]

The factor 
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is constant as only two terms with any dependence on P, T are the collisional transfer rates, b12 and b21. As these are in a ratio, the dependence on the physical state is cancelled. This constant is in fact B, Planck’s function as can be seen by considering the rate constants inside a cavity.

The expression for J shows the effect of competing absorption and resonant scattering processes. Here, where  is large and collisional processes dominate J-> B. Where  is small, resonant scattering processes dominate and J-> I.    
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For Earth the sun fills the field of view so 


F=IINSTRUMENT =  8.37e12 x 6e-5 = 5.02 e8  Wm-2 m-1   		[1]


For Mars, the sun is smaller than the field of view and the rest of the field of view sees cold space at 4K so 


F=ISUN_FROM_MARS =  8.37e12 x 3e-5 =  2.51 e8  Wm-2 m-1   	[2]	





Doppler width: � EMBED Equation.3  ���	Lorentz width:� EMBED Equation.3  ���





Ideal gas law: p =  RT,  so p(z) = (z) RT = (0)RTe-z/H





� EMBED Equation.3  ���[2]


where A = constant.


Find A from z=0: 100 = Aexp(0) = A							[1]


Find z: 	1=100exp(-z/H), H=7km


Ln (0.01)=-z/7km


z= 7km ln 100 = 32.23km							[1]





� EMBED Equation.3  ���   			vo=vo c


� EMBED Equation.3  ���							[1]





Approximate values:


 k= 1.381e-23 J/K			To= 273.15K


c= 3e8 m/s				o=0.05cm-1= 5m-1


m = 28.964 g/mole (dry air)	po = 1atm = 1013.25 mbar


  = 4.8097e-26 kg/molecule		T=To					[4]


� EMBED Equation.3  ���	[1]





See graphs. 								[1]


� INCLUDEPICTURE "http://nitrogen3.atmosp.physics.utoronto.ca/icons/ml00086gen.jpeg" \* MERGEFORMATINET ���	 








Doppler lines are extrememly weak compared to Lorenz at low altitude.  From part a we found line widths would be equal only around 30km.		[1]


� INCLUDEPICTURE "http://nitrogen3.atmosp.physics.utoronto.ca/icons/ml00093gen.jpeg" \* MERGEFORMATINET ���� INCLUDEPICTURE "http://nitrogen3.atmosp.physics.utoronto.ca/icons/ml00094gen.jpeg" \* MERGEFORMATINET ���


                 DOPPLER				LORENZ			[1]


Require increased spectral resolution (0.01cm-1) to see weak Doppler lines. 





V1 (Q-branch: J =0) ~ 2144cm-1





             J=2,1            J=1,0           J=0 ,1      J=1,2			[1]


         P-Branch (J=-1)	       R Branch (J =+1)			[1]








Rotational constant B from line spacing: 


For J=+1 (R-branch), the frequency of the first excited state v J=0,1 is given by the fundamental, v1+2B (see Liou p20) or B= (v J=0,1 –v1)/2 From graph, v J=0,1 transition is ~ 2148cm-1


This gives a value for B of ~ 2 cm-1			[1]





Three processes:


C!2 represents absorption – a molecular system absorbs energy by absorbing a photon and exciting itself to a higher state. Rate depends on the density of the radiation field and the population of the ground state.				[1]





C21 represents stimulated emission – a molecular system in an excited state is stimulated to emit a photon by the presence of a radiation field. Rate depsnds on the population of the excited state and the density of the radiation field.  	[1]





A21 represents spontaneous emission – a molecular system undergoes a natural relaxation from its excited state by emitting a photon which joins the radiation field. Rate depends only on the population of the excited state 			[1]





Balance equation without stimulated emission is C12uvn1+b12n1 = A21n2 + b21n2





From equations above, get n12= 4kI / unC12 and n21=4kJ / A21hcv	


Substituting in the expression for energy density, u = 4I/c, to the expression for n1 we get n12=k/C12 hv								[1]





Substituting un12 and n21 into the balance equation:


� EMBED Equation.3  ���� EMBED Equation.3  ���


[2]
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