Photochemistry
The chemical and rate equations for photochemical reactions take the forms:

AB + h ( A + B

R1 = j1[AB]
in which h represents a photon.  j1 is a 1st order rate coefficient with units s-1.  These reactions are very important in the atmosphere because photons carry high-quality energy associated with the high temperatures of the Sun, rather than the low temperatures of the atmosphere, and thus can help break high-energy bonds and create high-energy states that are thermodynamically forbidden (i.e. infinitesimally likely to occur by chance) at atmospheric temperatures.

As has been the theme with this chapter, we want to know where j1 comes from – i.e. I want you to develop an intuition for based on first principles for what drives the value of j1 for various situations. 

We start with the standard rate equation, treating photons as though they were just another “particle” in the air.  Remember our basic rate equation:
R1 = k1[h][AB]

Collision theory told us that for the reaction A + B ( C + D, the rate coefficient, k1 can be given by
k1 = vABdAB2[A][B]
where vAB is the relative velocity between the two particles, dAB2 is the “collision cross-section” between the two particles, and  is the probability that, should a collision occur, it will result in the reaction, (e.g. as opposed to an elastic collision with no reaction).

Let’s think about this for photochemistry.  The relative velocity is just the speed of light.  The “collision cross-section” was derived in radiation as the “absorption cross-section”, .  In photochemistry, we replace  with a similar parameter , called the quantum efficiency, which essentially has the same meaning (i.e. the probability the absorption of a photon will result in a reaction).  So all we have left to do is to find the number concentration of photons, “[h]”.
The information we have about the radiation field in not expressed in terms of photon concentration (# cm-3).  Instead, its expressed in terms of the spectral intensity I, which has units of W m-2 Sr-1 (cm-1)-1.  How the heck do we get from one to the other?

First, we recognize that one photon of wavenumber , carries an energy equal to hc, measured in Joules.  So if we have a photon concentration of nhd for photons of wavenumber between  and  + d, this corresponds to an energy density of hcnhd J cm-3.  Now lets only consider photons coming from direction  restricted to within some small range of solid angles about this direction of d.  The energy density, de, now is given by
de = hcnhdd (J cm-3)

Now these photons aren’t just sitting around.  They’re propagating at a speed of c.  So the flux density of photons across a surface perpendicular to their direction of motion is just the density times their velocity.  

dF hc2nhdd
But wait a minute.  The spectral intensity of radiation, I is defined by Idd = dF.  So we have just found a link between intensity and photon density

I = hc2nh
Now this only counts the photons with a certain direction and frequency.  If we want to express this in terms of all photons, we end up with
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Here we define a quantity called the spectral actinic flux, a.  This is kind of like the flux across a plane, but it has no directionality as a plane does.  Instead it measures something proportional to the total flux incident on an infinitessimal sphere.
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In practice, it simply does the directional integration of intensity for us, so our photon density can be expressed as,
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So let’s now go back to our photochemical rate equation for AB and see what we get for R1.

R1 = vABdAB2[AB][h]
j1 = k1[h]=
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[Note that S+P expresses actinic flux in units of photons cm-2 s-1, which is the same thing as combining our actinic flux and the denominator into one variable].  There’s a lot that goes into this quantum yield that we won’t go into here., except to say the following:   We saw in the chapter on radiation that the absorption cross-section AB, for a given molecule will vary with wavenumber due to a multiplicity of spectral absorption lines involving various possible combinations of electronic, vibrational and rotational transitions, as well as pressure- and Doppler-broadening.  Only some of these transitions will convert AB to AB*, which is an excited species that can spontaneously decay into A and B.  In fact, there are many such excited states depending on which transition occurred.  So the quantum yield has to do with the types of transitions that might occur at due to absorption of a photon of wavenumber  as well as the stability of the state produced by this absorption event.
So after all this we see that the rate equation for photolysis is given by

AB ( A + B

R1 = j1[AB]

j1 = 
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where now we express actinic flux in units of photons cm-2 s-1 instead of W m-2, for consistency with S+P.  Now don’t go off trying to evaluate this integral, since the spectral variation of the quantum yield, absorption coefficient, and spectral actinic flux will be complex for virtually every reaction we may be interested in.  Instead, we tend to assume we know these things a priori (i.e. from laboratory experiments and models or observations of the actinic flux), and use lookup tables when doing the homework problems.
VERY USEFUL lookup tables are given in S+P, chapter 4.  Table 4.2 gives the solar spectrum at the top of the atmosphere.  Note that actinic flux is insensitive to direction the radiation is coming from.  Unlike flux density, TOA actinic flux doesn’t decrease as the sun lowers towards the horizon.  In fact, it stays quite constant up there, due to a small change in the upward reflection of the planet with solar zenith angle.
Important Photolysis reactions: O2, O3, and NO2
There are four photochemical reactions that we are primarily concerned with in the atmosphere.

(1)   O2 + h ( 2O


 < 200 nm
(2)   O3 + h ( O2 + O(1D)

 between 200 nm – 320 nm
(3)   O3 + h ( O2 + O

 between 500 nm – 700 nm
(4)   NO2 + h ( NO + O

 between 350 nm – 400 nm
Each of these reactions produces the important free radical O, which is necessary to produce O3 in the first place.  Reaction (2) produces the more energetic O(1D), which is responsible for the formation of OH radical, the atmosphere’s most important free radical for oxidizing and breaking down trace species, including many pollutants and greenhouse gases.
Figures 4.11-13 shows how the sun’s intensity rolls off towards short wavelengths below 400 nm, and how absorption by O2 and O3 causes it to be further depleted as one gets closer to the Earth’s surface.

Table 4.3 gives useful estimates of actinic flux at ground level, after accounting for absorption and scattering by the atmosphere and the surface.  It illustrates the effects of the decrease in actinic flux with increasing solar zenith angle due to an increased atmospheric path.  The other tables and figures give useful data when considering factors governing photolysis rates.
Note that actinic flux is not sensitive to solar zenith angle like flux density is, the decrease in actinic flux with optical depth is very sensitive to solar zenith angle, as illustrated in Beer’s Law, which neglects “multiple-scattering”.
I = I0e-/
Monday, we will work on examples/problems from S+P Chapter 4, illustrating how we use our knowledge of radiation to predict photochemical reaction rates, and how these reactions represent important absorption features that affect the radiation field.
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