Absorption Lines
We have shown that

· electrons and nuclei can be treated as discrete waves

· When forming a stable molecule, these waves are confined in space (relative to one another) and thus the individual electrons and nucleons are treated as standing waves

· Standing waves are only stable for any length of time if they exist at discrete wavenumbers that are integers or half-integers of the length of the space to which they are confined.
· Since the energy and momentum of a particle is directly related to its wavelength, only discrete values of momentum and energy are allowed for electrons and nuclei.  This applies to the center-of-mass reference frame for the molecule – they can still have arbitrary translational energy as a molecule.
· The basic relation for any bound particle, is that mvL = hn, where n is quantized into integers or half integers, m is the mass of the particle, v is its velocity, and L is the space into which it is confined.  Both L and v may be functions of n, depending on the type of confinement involved.

·  These basic rules apply to: electrons bound to an atom or atoms in a molecule (electronic); atoms fixed to a specific place in a molecule by electrostatic forces (vibrational); and the rotation of the molecule in 2 (diatomic) or 3 (poly atomic) directions.  The relationship between v(n) and L(n) produce the following allowed energy states, where n is the quantum number for electronic state of an electron;  is the quantum number for vibrational state, and J is the quantum number for a rotational state:
En – electronic, ~ -(h2/(L2me))/n2 for spherical shells – more complicated when you consider p- or d-shells, bonds, etc.

E – vibrational ~ (h2/(L2mp))(mp/me)1/2( + ½) 

EJ – rotational  ~ (h2/(L2mp)) J(J + 1)

· The constant in front of each of these terms shows that, by order of magnitude, En/E ~ E/EJ ~ (mp/me)1/2.  This allows for a large separation of energies (a factor of 40-50 or more) between electronic states, vibrational states, and rotational states.  This separation translates into where we see absorption bands in the spectrum of the atmosphere.  Electronic transitions tend to occur < 400 nm.  Vibrational transitions tend to occur between 700 nm and 20 m, depending on the molecule.  Beyond 20m, we begin to see pure rotational transitions.
· Transitions from one state to another state can be excited by the absorption of a single “photon” of light at a specific wavenumber, such that hc = (En + E + EJ).  For a given absorption event, multiple quantum #s may change (i.e.  goes from 0 to 1, J goes from 3 to 4 in a single event).  Only certain allowable changes may occur, but we won’t go into those selection rules in this class.
· A transition from state A(nA, A, JA) to state B(nB, B, JB) requires that the molecule starts in state A.  To determine what absorption will occur in the atmosphere, we need to know what states the molecules start in.  Frequent collisions with other molecules at temperature T ensures thermodynamic equilibrium.  This means Boltzmann’s principle can tell us the probability of a molecule being in some state A(nA, A, JA).  For example, for electronic states, we have
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· Since we know the various En are associated with the energies of ultraviolet photons we can ballpark that E> hc/(3.5x10-7 m).  On the other hand, kT in the atmosphere is associated with infrared photons ~50 m (NOT the same as the peak in the Planck function, by the way). Because En >> kT, it is highly unlikely to find atoms in their excited electronic states.  Meanwhile, E is also >  kT, but due to the factor of (mp/me)1/2 it is getting close enough that there may be a few molecules in their  = 1, or even =  2 states lying around, but not many.  For rotation, kT ~ EJ, and so molecules will generally be found in a wide variety of their J states.  This greatly expands the number of transitions that may occur.
· Since we’ve seen that all molecules have energy transitions, why aren’t N2 and O2, the most abundant molecules in the atmosphere, good greenhouse gases due to their vibrational transitions in the infrared?  Just because a molecule has a number of available transitions doesn’t mean it will necessarily absorb light at these transitions.  There must be a susceptibility to electrostatic forcing.  Since the wavelengths of light are much, much larger than the size of the molecule, the entire molecule essentially feels a uniform, oscillating field at frequency c.  For example, N2 and O2 molecules are nearly transparent in the visible and infrared because they are symmetric.  You can’t use a uniform electric field to get them to rotate or vibrate, which are “relative motions” among the atoms.  The force felt by one atom is felt by the other, so you don’t get a relative motion.  N2 and O2 only absorb in their electronic transitions, unless they have just undergone a collision that deforms their symmetry.  H2O, CO2, O3, CO, N2O, and the other greenhouse gases, on the other hand, have asymmetries that allow their shape to be deformed by electric fields, allowing for vibrational transitions to occur.  Likewise, if they have a dipole moment (i.e. the center of positive charge is not where the center of negative charge is), as is the case with H2O (permanent dipole moment) or a vibrating CO2 molecule (induced dipole moment) electric fields can cause them to rotate about their center of mass by forcing the positively charged side of the molecule in a different direction than the negatively charged side.
· Now I’ll briefly discuss how this plays out in the spectrum of the atmosphere.  Shortwave of 400 nm, all sorts of electronic transitions occur, such that radiation < 300 nm doesn’t usually make it to the surface.  These electronic transitions are responsible for creating high-energy excited molecular states that drive atmospheric photochemical reactions (hence the name photochemistry), responsible for ozone production and certain types of smog.  There is a wide window in the visible (400-700 nm), where there are only very weak electronic absorptions by O2, O3, and NO2.  Above 700 nm, vibration-rotation bands of H2O and CO2 begin to appear, and these become increasingly frequent, wide, and opaque out to about 8 m.  Between 8m and 13m, there is another window (called the infrared window), where there is some absorption by trace gases, including O3, CH4, N2O, CFCs, and other very trace greenhouse gases.  This is an important climate-stabilizing “radiator fin” of the planet, where a little surface radiation can penetrate to space without being blocked by the atmosphere.  Between 13-15 m, the atmosphere becomes opaque again with another CO2 vibration band.  From 15 m – 30 m the transparency slowly tapers off, where the pure rotation band of H2O begins to block everything out to > 100 m.  Note that H2O has a highly absorptive pure-rotation band because of its strong permanent dipole moment.

Line Broadening
If molecules truly absorbed only at very specific frequencies, there wouldn’t be any absorption of solar radiation, presuming the solar radiation was distributed smoothly over a continuous range of frequencies, I.  Furthermore, there wouldn’t be any emission, since the emission by a body is given by  Bd, which ( 0 as d ( 0.  (The presumption of discrete lines is the same as saying  = 0 everywhere except at certain values of , where it is non-zero within a range  to  + d as d( 0) Fortunately, the wave nature of light saves the day, and allows some ambiguity in the exact frequency of light that can be absorbed by a molecule.  This is called line broadening.
There are two types of broadening, Doppler and Pressure.  Doppler is the simplest to understand.  We already derived the Maxwell Boltzmann distribution, that said that 
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If we choose the x-direction to be that of the incident radiation, we see that the frequency of light experienced by the molecule will be shifted by a factor (vx/c) for v << c.  If vx is toward the direction the light is coming from, the frequency will appear higher. [For sound, in time t a stationary object hears ct beats.  If they is moving towards the sound source at speed v, they get an additional vt/ beats.  total # beats = ct + vt.  So the relative increase is wavenumber is a factor of (1 + v/c).  It gets more complicated when we consider light and relativity.]  (Furthermore, since the position of the molecule is somewhat constrained, there is an intrinsic probability distribution for the vx of each molecule, which is more fundamental to smoothing things out).  So if a transition is to occur at  in the reference frame of the particle, there is actually a distribution of wavenumbers that will be absorbed from the light field in the frame of reference of the whole atmosphere.
So now we have some distribution for a given absorption line, given by
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This is actually the weaker type of broadening, and is mainly important in the upper atmosphere.

The more important broadening is called pressure broadening.  The basic concept is as follows.  The mean time between collisions for an absorbing molecule is equal to its mean free path divided by velocity.  We know velocity as above.  Mean free path is dependent on the collisional cross-sectional area between the molecule and the gases in the atmosphere (c) as well as the number density of these molecules, n, such that mfp  ~1/(n  Number density is given by n = p/(kT).  The time between collisions is then, 

 ~ T1/2/p.
Additional factors that account for inter-molecular forces make this more like  ~ TN/p, where N ranges from ½ ( 1, depending on the molecule and temperature.

Since the light must be absorbed within this time  for a transition to occur, the particle only experiences a finite segment of the light field during this time, L = c.  As with all waves, if the space is confined, then the wavenumber becomes ambiguous.   For example, a frequency to the particle is well defined if there are n cycles in time .  But this can occur for a range of wavelengths from approximately (n +/- ½)/L =   So  + d = n/L + 1/2L.  So the width in frequency space is given by 1/2L ~ (p/TN).  The actual calculation of the shape of the broadening is more complicated, but this should give a conceptual view of why pressure broadening exists.  In the end we have
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Which imparts a distribution that has much wider wings than the Doppler shape, even when they share the same half-width.  These wings are responsible for a very weak, spectrally flat absorption on the periphery of strong absorption bands with many lines.
As a result of these effects, each particle has a finite probability of absorbing a photon from a steady source of spectral irradiance per unit time.  If the irradiance is measured in F (W m-2 cm),  and the power that the molecule absorbs between wavenumber  (  + d is P (W cm), we can calculate an “absorption cross-section, a, = P/F, which has units of m2.  This can be thought of very loosely as the area of the shadow of the molecule.
It turns out that for a given absorption line, if we integrate the absorption cross-spectrum across the entire broadened line, we get something called the line strength, which has units of m2 cm-1 if we are in wavenumber space.  That is
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As it turns out, S is constant per absorption line, irrespective of how broad it is.  That is,
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We also often express the cross-section per unit mass of absorber, to get the “mass absorption coefficient”, k having units of m2 kg‑1.  S can also be defined with respect to k.
Transmission through a homogeneous layer
Here we consider what happens when some radiation at a specific wavenumber is passing through an absorber.  We’ll ignore emission for now.  We consider a “pencil” of spectral radiance having spectral intensity I, passing through a region of space having and absorber of mass density a.  The infintessimal depletion of the beam of radiation is given by

dI = - Iakds

where ds is the pathlength.  This basically reduces the incident beam by a fraction equal to the path-integrated cross-sectional area of the absorbers’ shadow per unit area of the incident beam, which is a unitless number.
Now we can consider the absorption of direct sunlight by horizontal atmospheric layer of thickness dz, such as a region of the atmosphere where things are well stratified.  The path the radiation takes through this layer will equal ds = dz/, where  = cosine of the solar zenith angle.  Thus we have

dI = - Iakdz/
We define the quantity akdz = da, which is the absorption optical depth of this layer.  Assuming constant properties with height, we get
dI/d= - I
which results in
I = Ie-/
This is called Beer’s law, and is widely used in remote sensing and atmospheric radiative transfer.    The key property of Beer’s law is that the transmission decreases exponentially as the absorber path increases.  The decay lengthscale is the inverse of the extinction coefficient, (ak)-1 (units m-1).
Note that Beer’s law only works for monochromatic radiation.  We cannot apply it to a spectral region because of the nonlinearity of the exponential function.
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