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given this blackbody definition, our fir t‘simple picture of the Sun
is of a blackbody radiator at abou 5 degrees K (some authors use
5750, 5780 - corresponding to a ngolar constant" of '-$’....)
The Earth, on the average is approximately a blackbody radiator at
about 250 K.

The sun has an average angular size in the sky oE‘Qﬁ?EEﬁEﬁ&egree.

On the average, the solar radiation impinging on the Earth must be
equal to the radiation from the Earth, or the Earth would be heating

up (or cooling down) . The balance between solar radiation in and Earth
radiation out is shown by these

Two figures of sclar radiation versus Earth radiation

The detailed spectrum of the Sun 1is actually much mcre complicated due
to abscrption and emission by various species in the various parts of
the Sun's atmosphere. Here 1s an example of a solar source function in
one of the standard radiative transfer models:

LOWTRAN? solar source function

Thig figure shows in more detail {at higher spectral resolution) the
solar source function in the visible and parts of the UV and IR:

KPNO solar spectrum.
additional solar facts:

(a) To a very high level of approximation, the Sun's radiation
received at the Earth is completely unpolarized.

(b) The distance from the Earth LO +he Sun varies by several percent
over the year, due to the ellipticity of the Earch's orbit:

Figure of solar distance versus date.
The average distance (1 astronomical unit, AU) 1s 1.49597870728 km.

{c) There can be substantial spatial variabllity of the Sun's spectrum
(due to, =.g., sunspots/faculae, limp darkening)

{d) The Sun's ocutput 1§ constant ro within better than 1% 1in the IR,
visible, and the UV at wavelengths longer than about 250 nm:

Two Figures for solar variability

A set of relevant solar facts and a solar spectrum 1is available on our
frp site: sclar.dat

(2) INTRODUCTION TO RADIATIVE TRANSFER

First, from a spectroscoplst's point of view: I have a gas cell and a
source of radiation:

I -1

T =7 (Tler, T 7 FO0 & nem

Figure of cell with I0 (sig), blackbody term; I = IO * e- + B (1 - e-)



Lectures on Atmospheric Spectroscopy and Radiative Transfer

The overall purpose of the material I will present is to attempt to
demonstrate how molecular spectroscopy is applied to the measurement
of guantities in the atmosphere. My motivation is the hope that at
least one of the students here will become a scientist in this field
and will make use of the background and, I hope, the sense of rigor
that I am trying to present here.
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I have set up an ftp site for some lecture materials:
SLep Cfafftp.harvard.edu
legin anonymous

cd outgoing/kchance/ictp (kchm“ &> :,{a /Y e lu )

Day 1.

INTRODUCTION

I am presenting information in slightly different order than I would
if my lectures are standalone. In particular, I am presenting
overviews of solar properties and of basic radiative transfer today,
so that they are in place for some of the following lectures by my
colleagues. Normally I would ‘have presented the sections in this
syllabus in the order 3774."5,” 1, 2% This is in order to provide some
Justification for why we are studying this topic (Atmospheric
Spectroscopy and Radiative Transfer) and to provide an overview of the
atmosphere showing where areas of concern and active investigation
are.

BLACKBCODY ASIDE

I do need to introduce one concept now - that of bklackbody
radiation. We will look at it in more detail later in the week.

The blackboedy radiance is the power emitted per unit area by a
non-reflecting’, non- transmitting surface that can be characterized by
a single temperature, T.

-/ J
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in erg s-1 cm-2; <¢2 = 1.438769% cm-deg K.
If the angular dependence is included {(we will discuss that later),

B = 6(/0/-: ;/)G?j's/f
g =47

in erg s-1 cm-2 sr-1. We'll come back to blackbodies later in more
detail to describe why they are an important concept and tc relate it
to the concepts of temperature, egquilibrium, and Boltzmann
statistics. We will also show the blackbody behavicor in terms of
photons emitted, how it 1s expressed when the abscissa is in
wavelength units, and

?

(1) SOLAR PRCPERTIES
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1 - e- is the emissivity Mh) . ns the optical thickness =
absorption cross section alpha (cm2) * concentration rho (cm-3) * cell
- or atmosphere - length {cm) = dimensionless. The cross section (or
"mass absorption coefficient) is the measure of how strongly a
substance absorbs at a given wavelength of light, on a per-molecule
basis. We well investigate it in great detail in the next few days.
"Optical thickness" generally refers to the total difference in this
quantity while "optical depth" refers toc the quantity evaluated at
some specified point within. Note that I often misuse these terms, so
be careful!

The positive contribution due to blackbody emission is a "source term®
- there are other source terms, such as scattering {(which we will
address later, but you can see how scatterers embedded in our gas cell
- perhaps dust particles or something else - could scatter light oUT
of our beam, thus contributing te extinction, or could scatter light
from the sides INTO our beam, becoming a source of radiation!.

For atmcspheric conditions (temperatures of 200-300, the sun as the
radiation source) usually the blackbody emission source is unimportant
above about 4500 ¢m-1, but dominates below about 23000 cm-1. The exact
crossover point depends on the details of the measurement

geometry. {(The problem set includes an exercise to investigate this
for several cases.) Thus, emission spectroscopy ©of the atmosphere is
normally done at wavelengths longer than about 3000 c¢m-1. For shorter
wavelengths, when emission is negligible, we have the {Beexr, Lambert,
Bouget) law of exponential absorption - saturation implies less energy
absorption per mclecule, although the relative absorption stays the
same .

If the cell is of infinitesimal length, the equation becomes:
T=To (1—T) +RT | LI=-T.T +grT

from which we can re-arrange to give a radiative transfer
equatiocn in either disvance or optical depth:

RTESs — AL T, - K& = - AL
1-r —e L5
AT | i
and, generalizing to an arbitrary source function:
general RTEs —_— p( T - T S
;Z‘Z - Lo

One final example on this topic. Often, in atmospheric studies, we
address radiative transfer through atmospheres that are modeled as a
series of shells. For the case of two shells (or two gas cells), if

the cells are at the same temperature: = —
T, —=> B T EE T Ty

-z ~Zz
L -z, 2 o li-e )
Tz = C—l-a e”F L e(n(i-2 e + _.(-z;.n::_))

_ To Z-CZ' + T} + H_C—l) C(,.&

T, =< I;,ef-a raliy(i-e™ 1)
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While 1f they are at different temperatures:
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There is a buffering toward the nearest layer or cell:
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Now you have most of the information needed to explain limb
brightening/darkening.



1. For applicable radiative transfer, the student should review the
development of blackbody radiation, and Einstein A and B coefficients,
spectral line profiles and line saturation. I recommend the first four
chapters of "Quantitative Molecular Spectroscopy and Gas
Emissivities", $.S. Penner for this purpose.

2. For the underlying spectroscopy, I recommend a brief review of the
material in chapters 5-10 of "Spectra of Atoms and Molecules",

P.F. Bernath (or an equivalent general spectroscopy book covering
rotational, vibrational, Raman, and electronic spectroscopy) . Chapter
1 of this book could serve as a substitute for much of the material in
the more inclusive (but harder to locate) book by Penner.

3. For basic atmospheric structure and radiative properties I suggest
sections 3.1 and 3.2, and chapter 4 of "Aeronomy of the Middle
Atmosphere", second edition, G. Brasseur and S. Solomon. Chaper 5
gives a nice (optional) overview of the chemical compositien.

The "musts" are summarized as follows:

(1) The most important prerequisite is a review of basic spectroscopy
for those who do not have such background. The Bernath bcok is very
good, but any text which covers introductory spectroscopy and explains
the principles of rotational, vibrations, Raman, and electronic
spectroscopy will suffice. Students who have studied the topic need
not review it further; in any case, ycu do nct need to distribute
specific material.

(2) The minimum for the radiative transfer is Penner pp 1-16, 17-22,
23-33, and 38-4¢,

{3) The minimum for structure and radiative properties is Brasseur and
Solomon pp 87-108 and 119-123 (from my second edition; this
corresponds to Chapters 4.1, 4.2, 4.3, and the firgt § pages of 4.43).

HOWEVER - A bright and motivated student who has not had the
opportunity to review any material should still ke able to gain
substantial benefit from just the lectures (if I do my Jjob correctly!)
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E'l-‘S AR AL T Figure 2. (a) The S-u-n's spectral irradinnce lypical of
10000 [ m—— solar minimum conditions, compared with the spectrum
[ offSpectral Irradiance) A x 1 . of a blackbody radiator at 5770°K. The broad spectral
1000 oH } bands identified along the top of this figure are the
! 1 ultraviolet (UV), visible (VIS), and infrared (IR). Not
o 10 [' 1 shown, at wavelengths longward of the IR, is the
g 10 E 1  microwave, or radio, portion of the solar spectrum. (‘b)
o F 'i The approximate amplitude of the Sun’s spectral ir-
£ 1 ] radiance variation from the maximum to the minimum
= ] ; of the 11-year activily cycle is also shown. The varia-
9 01 g‘ ] tions at A < 300 nm (solid line) were denved from
'_—% 001 I 1 satcllitc observations during solar cycle 21. The varia-
£ 1 tions at longer wavelengths (dotted line) were deter-
= A ——  Sun ] mined from knowledge of the solar cycle variation in
E—-JE’ n™ ———— ; the fraction of the Sun’s disc covered with active re-
E—zé' 300 """ (EEK Black Body J gions and of their contrasts (shown in Figure }l and
1 ' . . discussed further in section 3.2). The dashed line in-
E-5 e e TR dicates the variation during solar cycle 21 of the totat
1000 T ree n (spcctraily integrated) irradiance. Note that solar cycle
E b) Spectral Irradiance Variabilily j varialions at wavelengths ﬁ'onjl 1100 to 3500 nm are
100 1 predicied 1o be out of phase with solar activity, with a
'% 10 i maximum negative amplitude of —0.03% at 1400 nm.
N 1 . o
E‘ 1 J —  derived [rom observations
= R i W estimated 1
| . 3
é 0.t [ v = lotdl imodience }
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/ARIATIONS IN THE SUN’S RADIATIVE OUTPUT

Judith Lean

E.Q. Hulburt Center for Space Research
Naval Research Laboratory
Washington, D. C.

Reviews of Geophysics, 29, 4 / November 1991

pages 505-535
Paper number 91RG01895
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Atmospheric Spectroscopy and Radiative Transfer, Day 2

(3) SELECTED PROGRAMS

Selected atmospheric measurement programs: Examples from GOME and from
FIRS (to motivate the need for quantitative atmospheric spectroscapy
and to open discussion of techniques for measurement, gspectral
synthesis, and retrievals, and what information on composition and
physical conditions may be learned from spectroscopic measurements) .

{4) OVERVIEW OF THE ATMOSPHERE

Show the temperature and pressure structure of the atmosphere, with
slides selected to indicate where the tropopause varies with location
(mention seasonal variation, but do not go into any detail.

Show where various atmospheric processes occur, with help of German
slide ({(tropospheric pollution/global urbanization; ozone depletion
{(where is the ozone; where is the ozone hole?}; greenhouse warming.

Briefly mention clouds - location from German slide; also illustrate
with GOME measurements of clear and cloudy pixels.

Note that the BRDF for actual clouds can vary at about the 20% level
from a Lambertian surface (which will be defined in the next section).

T
Mention standard atmospheres - I have put an extract from the US..
ctandard atmosphere (z, P, T) on the¥Etp isite; hote that the scale
heights for density and pressure are about 7 km in the troposphere,
stratosphere, and mesosphere, as you <an confirm yourselves from the
data in the file.

%

Lapse rates (dry adiabatic lapse rate); photochemical heating; glcbal
warming potentials.

(8} BOLTZMANN STATISTICS AND RELATED ISSUES

I now need to describe a set of linked concepts that will allow us to
describe atmospheres and their spectroscopic and radiative behavior
accurately, so long as reglons of the atmosphere behave locally as if
they are very near to equilibrium - this is the assumption of local
thermodynamic equilibrium (LTE) . This assumption holds very well for
most of the parts of the atmosphere that we will be concernad with:
The troposphere and the stratosphere, with deviaticons beginning to
show themselves in the upper stratosphere and the thermosphere. The
force for "eguilibrating” the atmospheric gas is collisicons: As we
shall see, when there are many non-reactive collisions among Jas
molecules for each reactive collision or photolysis event, the air
will behave locally as if it is in egquilibrium.

Thig section of the presentation reguire would a number of hours in a
proper thermodynamics course O present rigorcusly; because of our
1imited time, I will present material in summary. The interested
student should consult an appropriate texts {e.g., Davidson; Penner)
for fuller detail.

We atart by assuming that our gas - perhaps this parcel in the lecture
room, is described by LTE. We also assume that the gas 1is
characterized by a set of internal energy staces:



Show example of energy states, including rotational, vibrational, and
electronic (mention nuclear, but don't show):

* diagram of molecular energy states. (approximately UV/visible;
* infrared, submillimeter-wave/microwave).

The assumption of LTE is equivalent to stating that the relative
populations in the different states are described by a Boltzmann
distribution. The basic relationship here is that the ratio of
fractional populations in two different states is given by:

- (Et -~ E2 7
£1/f2 = exp - (E1 - E2) / kT g/é_ IS (Ei - E2)/ET

This results in a distribution among the possible energy states where:
f i “ exp (-E_i / kT) - an arbitrary zero of energy is implied.

The absolute fractional populations are then given by normalizing the above:

G o eI T

fi=exp () /s_j ()

g AR T
The 8 j () is the "partition function", g. 4%is is qulngEHt!to
stating that the gas can be described as having a temperature T, since
temperature is an equilibrium concept.

We need to add the concept cof degeneracy. This is simply that there
may be more than one state with a given energy, usually duve to the
symmetry of the molecule in gquesticn: E_n = E_m. An example of this is
in the rotational states of diatomic molecules. The rotational state J
has a degeneracy of 2J+1, which would be obvicus from an examination
of the rotational wavefunction: !

7 e = -
* draw states 0, ..., N for a diatomic. b=

»T e T
In this case, the Boltzmann distribution may be described by
* £ J = 2J+1 * exp (-E_J / KT} / g J =g _J * exp { | / a J, — E7A£T
where g J = S { ] L= (23+,)€"&3ﬁ27

J /g(z/cw)&— = P /ég

This degeneracy may be broken in practice when an slectric or magnetic
field is present (depending of the details of the molecular electronic
distribution). In the Earth's atmosphere the electricd field is
generally negligible (except for lightning events and upper,. . ,
atmospheric phenomena); The Earth's wagnetic'field {about 1/2 Gauss -
weak) is generally negligible except in some special cases where it

affects the spectrum measured by microwave techniques.

The underlying reason why the distribution in energy states assumed
this Boltzmann distribution is that, considering collisions that
re-distribute energy among the available energy states, the Boltzmann
distribution is the one that is most probable; It corresponds to a
very strong peak in the possible distribution of populations among
energy states. A proper statistical analysis shows that distributions
that vary significantly from the Boltzmann distribution are aextremely
likely to occur. When we are invoking this xind of "thermalizing"
re-distribuction by ¢ollisions, we are equivalencly saying that the
time.scale for thermalizing evencs - collisions - 1s much shorter than



'y

|

1 4

it

1tk

that for processes that move the system away from equilibrium -
chemical reactions and photolysis events.

We showed rotational levels earlier - they are generally spaced by
amounts from less than 1 cm-1 to several tens of cm-1. The range
usually encountered for vibrational energy levels is from several 100
to several 1000 cm-1.

These are described by a Boltzmann distribution in populaticn:
* f v =gvexp (-ev/kT) /qv; qv =

Vibrational states may be degenerate or not, depending on the spatial
symmetry of the molecule - scmething we don't have time to go into.

Finally, note that translaticn states are (usually to a very high
degree of approximation) described as a continuum distribution in
energies - the molecule can take on any wvalue of translational energy
any of the three spatial dimensions. In LTE, the distributzon in each
gspatial coordinate is given by a Maxwell-Boltzmann distribucion
(Gaussian in wvelocity}:

* £ v dv = SQRT (m / 2*pi*kT} * exp (-m*v*v / {(2kT)) dv
- m _mu b
415 ﬂfy- = y zmid & [j /GLéLTcIOZ -

If.you jntegrate over this distribution, you will note that there is

*/2:kT of energy in translational motion for each of the three spatial

dimensions.

The quantity kT may be considered as a typical energy range for
processes affecting equilibrium and state distributions. If the
spacings of energy levels (amoang rotations, vibrations, or
translations) 1s <<kT then that particular DEGREE OF FREEDOM" will be
fully "turned on". A degree of freedom may be considered to be an
orthogonal dimension for describing the energy content among the
ensemble of molecules. Exchange of energy among the degrees of freedom
occurs primarily through collisions. Under most atmospheric
conditions, the variocus degrees of freedom may be considered to be
only weakly coupled together.

* example of diatomic meclecule - there are 3 degrees cof freedom in a

* molecule for each atom, giving rise to 3 translational, 3

* rotational, and 3*N - 6 vibrational. Note exception for linear/rigid
* molecule.

Each degree of freedom in an ensemble of like molecules may contain up
to (but no more than) 1/2 kT of energy. If the states are separated by
amounts <<kT, the states are fully accessible to population by
collisions, and that degree of freedom will contain 1/2 KT of energy.

Electronic states are important for atmospheric spectroscopy and
photochemistry but the are usually high in energy in cowmpariscn to the
kT of atmospheric conditions; atmospheric molecules are characterized
by ground electronic states except for momentary excitaticns which
serve as energy sources to the atmesphere. Such excitaticns
momentarily push the system away from equilibrium, but the "bath" of
molecules coupled by collisions drives them back. For the range of
cemperatures we encounter in the atmosphere, we need to usually be
concernad with energy contained in molecules in the rotatiocnal,



vibrational, and translational degrees of freedom.

When we (later) consider intensities of absorption and emission lines,
we will need to consider Boltzmann distributions for all types of
energy states. Note from the form of the partition functicn given
earlier that, if the various degrees of freedom are orthogonal
(usually a very good approximaticn in the atmosphere), the overall
partition function is the product of those for the different degrees
of freedom:

g_total = g _trans * g _rot * g vib * g _electronic * g nuclear

So that a generalized fractional populaticon would be given by

g_total * exp (-E total / kT) / g total

We will need this relationship when we discuss line intensities in detail.
Einstein A and B coefficients:

These are presented here for reference, but not derived. Sse Bernath
for an excellent discussion. The Einstein A coefficient describes the
lifetime of an excited state with respect to spontaneous emission:

4 Z
A (s-1) = @4 - {/Lcl
3 hX
where |mu/*+*2 is the square of the {(usually dipole) transition moment
connecting the two states.

The Einste@é B ccocefficient determines the transition rate for
absorption/or induced emission given a blackbody radiation density:

/
rho = ../. ‘51%?0

Finally, te finish up on blackbocdies, we define a Lambertian surface
as one where the emitted (or scattered) radiation does not depend on
the angle of view for the surface (book example); this implies thac
emission (or scattering) is proportional to cosines (normal angls).

Thenn, blackbody steradiancy [Z F L e 2uPredsd
B = {(integral)

or
B = {eguation)

The Stefan-Boltzmann constant describes the fZotal power emitted by a
blackbody iprove by integration): 5.67032W m-2 K-4

and Wien's law describess the wavenumber where the maximum power is
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sigma max {cm-1) = ﬂ as an .,for‘dﬂf*@ .

The maximum number of photons are emitted at

‘ /
nmax = (AP L5 AN PALrES S,
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- the Polarisation Measurement Device Spectrometer optics

{PMD) In the spectromeler optics, shawn
— the Digital Data Handling Unit (DDHU) schematicaily in Figure 7, the light reflected
— the optical bench structure off the scanning mirror is focussed by an
— the thermal control hardware. anamorphic telescope such that the shape

of the focus malches the entrance siit of the
spectrometer (dimensions 10 mm x 100 um.
After the slit, the light s collimated by an
off-axis parabolic mirror. It then strikes the
quartz pre-disperser prism, causing a
moderately wavelength dispersed beam.
Ancther prism acts as channel separator.
the upper edge of this prism reaches into
the waveiength-dispersed beam, letting

the longer wavelengths pass, reflecting

the wavelength range 290-405 nm into
Channel 2 by means of a dieiectric refiecting
coating, and guiding the wavelength range
240-295 nm internal ‘o the prism into
Channel 1. The unaffected wavelength range
of 405~790 nm is then split up by a dichroic
beam splitter into Channels 3 (400-605 nmj)
and 4 (530-730 nm),

Each ndividuat chanrel consists of an off-
axis parabola, a grating, and an objective
with f-numbers of 2 (Channels 1 and 2) and
3 (Channels 3 and 4), finally focussing the
light onto the detectors containad in their
respective Focal-Plane Assemblies.

The most criical opucat elements in the
optical chain are the diffraction gratings,
which have ‘0 provide both a high efficiency
in the first gitfraction order and a very .ow
level of stray 'igrt anc gnosting. Because of
the critcality of *he gratings for the finai
performance of the nstrument. two parallg!
development prograrmes are under way,
at the firms of Jobin-vvon in France and
Carl Zeiss in Germany. Some of the key
performance reguirements for the oplics
are surrmarnsed in Tabte 1

Focal-Plane Assemblies

The FPAs are made from titanium and have
Dirwction a sealed quartz window at the side where

! ~ 7 rTvsac they are flanged o the respective obiective
tubes. The rear side of the FPA, the so-cailed
pin-plate. s a titamum plate provided with
eiectrically sclated. vacuum-light feed-
thrcughs for *he electrical connections 10 the

Figure 6. GOME scan pattern (graphic courtesy of DLR, Oberpfatfenhofen)

Table 1. Key optics perfarmance parameters detector. This is a Reticon RL 1024 SR
Wavelength Pixel Spectral random-access dicde array detector with
Band range (nm) - v Grating (fmm)  resolution (nm)  resolution {nm} 1024 pixels, each pixgl measuring 25um in
- e the cispers:ion direction and 2.5 mm in the
A 240288, - . 3800 AN ¢22 along-sit airection. Each diode 15 raraamiy
2 268—285 - ST socessible oy an aderess bus and can oe
o 290312 2400 912 nea reac oul ndvigually
2B 312—405
2 400—605 ~200 ne 24 ,
int ME instrus ihe getectors of
. 280700 200 0z ) n ine GOME instrurrent, the ¢eteciors o

Channels 1 and 2 ars spit 'nto several

-
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Quantities Retrieved from GOME Observations

Species  Retrievable Quantity® Wavelength (nm) Notes/Applications

BrO Column (8) 310-345

S50, Column (T)t 290-310 Industrial pollution,
volcanos

OCIO Column (S)* 320-420 Polar regions in
spring

Cl1O Column (S)* 300-310 Polar regions in
spring

NO; Column (8, T) 300-600 Lightning,
combustion

H,CO Column (T)! 310-360 Biomass burning,
tropical vegetation

O Profile (8§, T) 255-350, 430-680  Tropospheric ozone

02 Column (S. T) 630. 760 Cloud tops/
boundary layer

05-0y  Column (T) 473. 330. 560, 630 Cloud tops/
boundary layer

H,0O Column (S. T) 700-790

NO Column {3, M) 255-230 Above 10 km

11l emmission

" 5 = stratosphere; T = troposphere: M = mesosphere

"Observable in regions with relativelv high concentrations.
*Observable in perturbed “0j hole” regions.
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Thomas Wagner, Carsten Leue, Ulrich Platt,
University of Heidelberg, Germany

Shape of the polar vortex
(35 PV units at 475K,
ECMWF analysis)
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L

Figure 3: Vertical column content of NO; over North America as seen by the

GOME instrument on 6 January, 1996. The maximum concentra-
tion is around 6x 10'®* mol cm™2
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36-40 km

/
Smithsonian Astrophysical Obsg:fvatory FIRS-2 Instrument

SAP Telescope & Double-beam FTS
0.02° absolute 22 cm aperture 0.004 cm ™! resolution
pointing IFOV = 0.2° x 1° NEEW ~ 1 % 10™° ¢m™!

AQ =7 % 107% em? sr
FIR: 80-210 cm™!
IR: 350-700 cm!

FIR. SAO Investigators
O (thermosphere), O,, O3
OH, HO,, H,0, H,0, W.A. Traub
HF, HC, HBr, HOCI, (CIO - from MLS/SLS) K.V. Chance
NOQO,, CO D.G. Johnson
K.W. Jucks
IR
HNO;, CING3, 13,0, {N;Ds - tentative)
H,0, HCN

CO; (pressure, temperature)

Emission =% Full diurnal coverage
Nine balloon flights, 1987-1994
140 hours of spectra from NASA DC-8, 0-90° N
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FIRS-2 Measurement Applications

o Atmospheric modeling: FIRS-2 determines details of stratospheric
photochemistry, improving predictive capability of models.

» Global warming studies: FIRS-2 determines details of the
atmospheric radiative properties of greenhouse gases, espe-
cially CO..

e Industrial processes: FIRS-2 measures effects of chlorofluo-
rocarbons and halons on the ozone layer.

e Agricultural processes: FIRS-2 measures gaseous by-products
of agriculture; nitrous oxide, bromine species resulting from
methyl bromide use.
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Radiance relative lo a 277 K blackbaody

Radiance normalized to a 277 K Blackbody
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Conclusions from FIRS-2 measurements

+ We have made the first simultaneous measurement of HO,,
Cl,;, and NO, species throughout the middle atmosphere.
The relative contributions to ozone destruction from the HO,,
NOy, and Cl, catalytic cycles are determined from 20-40 km.

» Comprehensive budgets of NO,, and Cl, are measured.

o Chlorine budget studies suggest that a small channel exists
for production of HCI from CIO + OH and/or C1O + HO.,
diminishing the effectiveness of the Cl, catalytic cycle in the
upper stratosphere.

» O; formation and loss rates in the upper stratosphere are now
shown to be in balance; under-prediction of stratospheric O
above 35 km was a long-standing problem.

¢ OH near 40 km has been under-predicted.

« HBr measurements provide constraint on bromine budget,
Br, chemistry (in particular, it provides limits to the effec-

tiveness of BrO + HO,).

» Closely-coupled chemical relationships in the upper stratosphere
have been tested, e.g.

[HOCU] = ti[HOWJCIO)/(jroct + ko[OH))
[Hy00] = k3[HOo/(ja,0, + ka[OHY)
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3.2 Vertical structure and some observed dynamical charac-
teristics

The earth’s atmosphere is commonly described as a series of layers
defined by their thermal characteristics (Fig. 3.1). Specifically, cach layer is a

region where the change in temperature wi espect to altitude has a con-
stant sign.  The layers are called I'spheres” Yand the boundary between
A ——

160
: i I | i | ]
: :
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1
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Fig. 3.1. Thermal structure of atmospheric ja rers.
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Figure 1. Temperature profile and ozone distribution in the atmosphere.



186 Ozone in Earth’s stratosphere

J.6 .50

Late August 1987 - .
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ClO mixing ratio (ppbv)
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Fig. 4.31. Latitude dependence of ozone and chlorine monoxide (ClO) on
entering the chemically perturbed region: late August 1987.

1.0

Ozone Chemicatly perturbed region

g 2.50 :_g
S o,
- =
z =
= Mid September 1987 g
= —(.5 %"
= 1.25¢ £
; E
: Q
e /'y | 5
c .

ny ¥

o - v
0.25 C . : 1 i ] ! (.0
638 35

Approximate latitude

Fig.4.32. Latitude dependences as for Figure 4.31, but now in mid-September.



t

1R

1

o

182 Ozone in Earth’s stratosphere

- T T ] ] l LB S i L] ] 1] ] L L l 1 L 1§ ) J
a0k ]
[ 310
T L 23 Aug 1989 i 5
= 0f E
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= [ 2
< I 100 g
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L. \ :
L 1 M S I S S S 1 i o 1. » “)““

50 100 156} 200

Partial pressure of ozone (nbar)

Fig.4.28. Ozone concentrations over McMurdo Station in August and in Octo-

ber, 1989. These altitude profiles show that the concentrations dropped drasticaily

in the layer between 14 and 22 km, the reduction in ozone being 98% at 15 km.

Source: Deshler, T., Hoffmann, D. J., Hereford, J. V., and Sutter, C. B., Geophys.
Res. Letts. 17, 151 (1990).

1985. One worrying feature was that rather more sophisticated ozone
instruments (see Section 4.6 and Fig. 4.26) such as the Total Ozone
Mapping Spectrometer (TOMS) and the Solar Backscattered UltraViolet
(SBUV) instrument on the Nimbus 7 satellite had apparently not detected the
ozone depletion. However, it subsequently emerged that ozone concentrations
as low as those observed by BAS were being rejected from the satellite data
on the grounds that they lay outside what was thought to be a ‘reasonable’
range. When the error was recognized the satellite results were reprocessed.
and they confirm the BAS findings.
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(6) REVIEW OF QUANTUM MECHANICS AND SPECTROSCOPY

We consider transitions among molecular states induced by electric
dipole moment matrix elements. Weaker transitions (magnetic dipole,
electric quadrupole) are due to higher order interactions between the
molecules and radiation. A complete derivation of the dipole moment
interaction can be found in (e.g.) Bernath; for higher moments see,
e.g., Condon and Shortley, Radiation.

Transitions are induced by the perturbation from the interaction of
the electric dipole moment vector with the electric field from the

radiation: p /’2? , gl)

- —:_ — K/ T
woen A lF e s
where mu = x, v, 2

So we solve equations of the form
- , e 2
| [ *%2 f/&: 541/745‘7 45/2 K“J{)/‘TZ//

By the usual quantum mechanical methods. If you are not familiar with
such derivations, I recommend it as a resading exercise. The important
quantities are the dipole moment matrix elements; intensities are
proporticnal to:

| |*%2 == |<>]|**2 = muab**2 /f[z ‘A@ ‘/é/zf /@éﬂ/%>/ Z’ ié
//o

This is the square of the dipole moment matrix element allowing the
transition. The matrix element has the dimensions of cm”™5 g s_2 (or
erg cm™3); (1 debye)**2 = 10-36 erg cm”3

{1 Bohr magneton)**2 = 8.600736e-41 erg cm3

Magnetic dipole moment induced transitions are generally substantially
smaller than electric dipole moment transition (they are important in
the special cases when the electric dipole moment is 0 by symmetry,
and when the molecule possesses a net electronic angular momentum -
e.g., 02).

Rotaticonal transitions

For rotational transitions, without complication from electronic or
nuclear interactions,

Z zZ
[mu us1l]**2 = muo**2 * Ju / {2Ju + 1) i/%é, J
Mok =y

D

Where muQ is the static dipole moment and the selection rule is DJ =
+-1. Remember that the degeneracies of these rotational transitions
are 2J+1. Detailed balance requires that g 1 |[luj**2 = g u |ul|**2

lmu|**2 (do u>1 and lsu) to illustrate detailed balance:



¢5525;1212>2i¢ = (é.fk&#() ;ZJ(
Z Fetl)
ﬂ}u = /él (f__n:;)

For this simple example, the rotational energy levels {ignoring
centrifugal distortion effects) are B*J*{J+1), where B is the
rotational constant, proportional to the inverse of the moment of

inertia: B = h bar*#*2 / 2+*1 B = ;]Z,/;I

The spacing of the rotational transitions is thus 2B (illustrate with
ladder) .

Rotational constants vary from substantially less than 1 cm-1, for
heavier molecules, to 20+ cm-1 for the lightest (hydrogenic)
molecules.

Needless to say, rotational spectra (positions and intensities) get
much more complicated very quickly: show example of the term values
for HO2 and mention that it is an asymmetric top with electronic spin
angular momentum.

The important concepts to carry away are that rotational transitions
are important in atmospheric spectra in the microwave through far
infrared regions (less than about 200 cm-1); that they are fairly well
characterized in terms of positions and intensities for the important
atmospheric species.

Vibrational transitiocns

These are vibrations along the bond axes of the molecules. Their study
is an immensely complicated field which we won't broach except for a
few convenient topics. For the simplest case - again, a diatomic
molecule - the vibrations occur in a potential well describing the
energy versus the separation of the two atoms:

draw a pctential well, energy levels, and note fundamental, overtcne

and hot bkand transitions.
R

et
it

Vibrational transitions are almost synonymous with the infrared. They
range in energies from, usually, several hundred to several thousand
cm-1. Note that when I construct a ladder of infrared term values and
transitions, I must put in the rotational sub-levels: each vibrational
state has a full manifold of rotational states included. Transiticns
almost always include a change in rotational state along with a change
in vibraticnal state.

draw the ladder; indicate for pclar diatomic the selection rules (P,
R, no Q)

draw the resulting spectrum of the fundamental band, with regular P, R
spacing.
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Electronic transitions

These are transitions among different electronic states of the
molecules; they occur at higher energies than rotations or vibrations
- generally in the visible and UV, with some occurring down into the
infrared. Electronic transitions each have a set of vibraticnal
sublevels, each of which has a set of rotational sublevels.

Example of potential curves - 02 - showing atmospheric bands. Also
show synthesis (mention clouds}) and the bands in a GOME spectrum.

We need to mention a process often seen in electronic transitions that
often affects their atmospheric spectra - predissociation. Copy figure
from BS p. 26; the excited state can decay back to the ground state or
it can cross nonradiatively into the repulsive state, falling apart as
separated atoms. The effect of -this extra decay channel shortens the
lifetime of the excited state which, as we shall see, broadens the
spectrum. Predissociation can smooth cut the rotational structure and
even the vibrational structure of an electronic state.

BS

:104' f

So, we have these transition types, and a vast, complex field of
spectroscopy describing how and where they occur. We need to unify the
situation so that we can address how molecules are measured
quantitatively in the atmospieciew.‘)#,ﬁ,’ { —Cl/éi" _:,‘/‘ér) ﬂ_'_‘; (/é( ‘2-
S Te— G‘ & - < o “-:7"2'
Quantitative Spectroscopy whe X

Intensity - the basic amount of absorbing or emitting per moclecule:
S {(cm) = ... n versions of equation, see other sheet.

This is the basic and appropriate unit for intensities in most
applications of atmospheric spectroscopy, from microwave through UV as
long as we are describing separate spectroscopic lines. Any other
greatures, such as oscillator strengths, Einstein A coefficient, or
dipole moments should immediately be converted. For example:
Einstein A coefficients - other sheet

Aside on population fractions and partition functions:

Remember that Q = sum .... and Q tot = Q rot * Q vib * Q el *

Line intensities are tabulated at standard temperatures (often’ 296 K
or 300 K); they need to be converted to intensities at different
temperatures for use in atmospheric calculations.

For rotational transitions of linear molecules, the approximation

QO roc = T / (¢2 * B) is often useful Ior conversicn, when re-summing
is inappropriate.

1
]

ffﬁlg g@:,l'c-‘lfm .{



For asymmetric top molecules - see sheet,

where gamma is the "symmetry number" (=1 if no obvious symmetry is
present in the molecule). gamma = the number of values of he
rotaticnal coordinates corresponding to indistinguishable orientations
of the molecule.

Now that we have intensities, we need to see how they manifest
themselves in the spectrum - how they are related to optical depth and
lineshapes and ultimately the spectrum itself.

Go back to our picture of propagation through a gas cell:

- - -T
I = I0exp.... Ir=J%i& +f2CT')(I-£ >
and note that, in the limit of pure absorption (emission contribution
negligible) —
== e e = .
I/I0 = exp (-tau) - and draw an absorpticn spectrum ’\\\y//’d_

[

in the limit of pure emission: draw emission spectrum normalized to
blackbody radiance. ) i

=ie i j

Nete that they are inverses. T will now show how to determine cptical
depths from intensities, concentrations of molecules, and normalized

lineshape functions.

First consider lineshape functions - the shape of an absocrption or
emission line at a given pressure and temperature (we will get into
details in a few minutes) :

units of cm: A
L (el / area = | (Mezu( P using
/ / = - ‘j ,,;;.‘,',‘f'—caa/ J[ f'

The product of the intensity (in om) and the lineshape functicn versus
cm-1 {in cm) is a cross section in cm”2! The product of the cross
sections in c¢m”2 and the column density of molecules in cm-2 is the
optical thicknéss (dimensionless)?’,

draw lineshape function - note it is normalized to 1, so it is in 'f
&
Mﬂ4¢ 0#4&?‘uﬁr

Thus, the radiative transfer through the line at wavenumber sigma
depends on tau {sigma) just as before: t[g}

I (sig) = I0e(-tau) + Risig, T)(1 - e(-tauﬂ

And that's it! except for a few details. Like what the lineshape
functions are and how they depend on pressure, temperature, and
wavenumber (frequency).

Lineshapes

Normalized Lorentzian:
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where bl is the half-width of the line at half-maximum intensity. The
nZEAFRIEWIdtH fof the line {which we usually do not see in the
infrared, but do see in predlssoc1ateqﬂﬁygépectra) gives rise to a
Lorentzian lineshape with Hﬁﬁﬁﬁfﬁ?x?'*ﬁr* au) "EEEsiTeY (collisional)
breoadening is Lorentzian with ¥pi*tau), tau = average time
between collisions:

bl =1§E§§§§ﬂcm—l atm-1, usually) * P(atm) or MHz/Torr, or

The pressure broadening coefficients are “8.05 cm-1 atm-1' (0. is
large, 0.03 is small - larger is for polar species, low rotaticnal
levels - dipole-quadrupole interactions; smaller - hard sphere), with
substantial dependence on rotational state but little dependence con
vibraticnal state (i.e., a vibraticnal and rotational transiticn with
the same rotational guanta involved are within 710% of being the
same) . More on this later. Note that Lorentz widths add directly:

"Bg(Eir) * 0.79 b (N2) + 0.21 b (02).

Normalized Gaussian - Doppler broadening cof lines:

] - @-%>*
T L}=Fb__?'a[ s ]

g o
where bg is the HWl/e
1/ -7 ’TOC)
by = _ ZJLT z _ - el
J tja = ;:Z?i } Go = CLSGqu xlo ¥ (o . (2w

Gaussian linewidths add in quadrature” bg = SQRT {(bl1"2 + b272)

Note that preggsure broadening depends strongly on the atmospheric
pressure (and thus altitude} but only weakly on frequency, while
Doppler broadening depends directly on fregquency but only wsakly on
altitude (via the temperature dependence). Thus, for a given
transition, pressure broadening will tend to dominate the overall
linewidth at lower altitudes and Doppler broadening at highszr
altitudes.

* show slide of stratospheric FIR example., note change for mid-IR
* show FIRS-2 examples of cusp-shaped lines

The actual shape cf a line at a given pressure and temperatuire in the

atmosphere is a convolution of Lorentz (pressure/lifetime) and
Gaussian {(Doppler) broadening - the Voigt profile:

Lv=1gXL-l Lru_ — Lg_%_if

The Voigt is a function with some wonderful symmetry properties; its
calculation with tradeoffs between speed and accuracy could be the



subject of a whole course. I will be glad to discuss it off-line with
anyone who is interested. I have put an extremely accurate subroutine
for calculating Voigt functions (and their first and second
derivatives) on the ftp site.

Aside: often in electronic transitions, especially those that are
significantly predissociated, pressure and Doppler broadening are
negligible compared to the lifetime broadening.

Now we can see how a line saturates over its profile:

2_].) //“\g__,'t_'_

- T
T
e €

For emission:

brieae (@7 F)

For absorption: $pee

i.e., the same. Note that the term "equivalent width" (W) of a line is
used to denote the area under (or over) a line - it simply means that
if a line of the same area was completely black, it would have such a
width.

The effect of Saturation oh a line (the fact that e-tau =/= 1-tau)
decreases the areas under the line. The brecader the line, the less
saturation, and the stronger the line, the mors saturation. We are
more often than not in a situation where we measure lines with
instruments (FTS instruments, array spectrometers) that do not have
the resolution to see the lineshape - basically, we measure the '
‘equivalent width of the line. We need to be able to model back from
the line parameters to determine how much gas corresponds to the
measured line area or eguivalent width. The situation for Lorentzian
lines (the dominant broadened for many important atmospheric cases) is
discussed in detail in Penner. The eguivalent width of a line lies
between two limits:

saturated limit unsaturated limit -
2 SQRT (S*N*b) <= W <= S*N 2 ‘5""" b £ w & 5-M

This relationship (in detail) is known as the "curve of growth". For
weak lines (HO2 'in the far infrared) we only need to know the
intensities; intensities are generally better known that pressure
broadening cocefficient (especially in the far infrared, because of the
Stark effect); For strong lines, 'the line width is as important as the
intensity in determining the area under the line. Needless to say,
when Voigt profiles are needed it becomes quite complex!

I have some additicnal material on pressure broadening coefficients
and how they vary with transition and (significantly) with
temperature, but I will save that to discuss off-line with anyone who
wants more detail.

There ave many additional complexities'in line shapes as well as
intensities, such as speed dependence of the ilneshapes, <ollisional
narrowing, line mixing through elastic collisions - none of which I
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will touch on here.

Note that if there are several gases in a cell, or an atmosphere, they
can interfere w) w1t absorptionamong them. This is why the calculation

of ”glcﬁgfnﬁa;m;n otentlals’ of IR active gases requires careful
modeling of the spectral interference and the amounts of the various
species.

—_——
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(LMR SPECTRA)
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F1G. t.—The tow iving enerey levels of the OH radical. connected by electric dipoie transitons « — «— — in thz far infrared. The part
doubling (or lambda doubhng} has been exaggerated for the sake of clarty. The wransinon frequencies are ziven 1in THz.

THE ASTROPHYSICAL JOURNAL 258:899-903. 1987 July 13
N8 2 The Amencan Auronemical Sovicly Al rehts resened Printed in L § A

THE FAR-INFRARED SPECTRUM OF THE OH RADICAL

J. M. BrROwN anD J. E. SCHUBERT
Department of Chemistry. Southampton Universigy

K. M. Evensow
“National Bureau of Standards
AND
H. E. RaDFORD

Harvard-Smithsoman Center for Astrophssics
Recerved 1982 Jumuan: 4: uccepted | 982 Fobruur: &
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Day 4
(8) continued

(9} Spectroscopic databases

Sitor HITRAN, JPL, Geisa are on the ftp server

At 3

Review tables describing HITRAN and JPLSMM

Pick a section of HITRAN database and go over; suggest that students
chase down some of the primary references to see if they can duplicate
the numbers and their uncertainties. (I will suggest molecules and
bands to try, for those interested.)

There has been a shift over how parameters are determined; ~90% cf
HITRAN is now FTS-derived.

HITRAN includes cross section files for some IR molecules with too
many lines to practically include in a line database (table from
paper)

HITRAN also now includes some UV/visible cross sections (our abstract 93
and slide of poster}; these will grow in the future due to their ccd @
importance in satellite measurements of the atmosphere. By &
Hzoo
Go over a section of the JPLSMM to describe numbers as well. N o/ Z ol o
e NP2
"Péach hbout how these databases are NOT fundamental - they are B
secondary references; any published fittings of atmospheric Mze
measurements MUST use primary sourcesi SO

SCATTERING

I am operating under the assumption that Mie (particle) scattering 1is
being addressed by other teachers. I will discuss Rayleigh {(mclecular)
scattering.

Molecules (such as N2 and 02) are polarizable. That is, an applied
electric field will induce a dipole moment in an otherwise nenpolar
molecule. This polarizability varies weakly with the freguency of the
electric field, at least until the frequency becomes comparable o
that of an accessible electronic state of the molecule, where resonant
effects must be considered.

The induced dipole moment is mu = alpha * E (tensor product)

/121 = - &

and the energy of interaction is 1/2 alpha * E"2

L—
} h.g/l" —_— [/Z,C:&,
3’}

The induced dipole then may re-radiate, giving a cross sections for
the entire processs proporticnal to ET4 (see Goody and Yung, =.g., for
detalls}. The cross section for Rayleigh gcattering per molecule is

Qr = 128*pi”3*alpha”2/3*lambda4 X
1 - /&r = /‘Z’Sﬂ- o{
& R4
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[Aside - if time - Poynting vector example of near-Rayleighl
We can make use of the geometric identity

alpha = {(n-1)/2*pi*N (N = gas density)
— n-i
{“'l = ¢ )/4;Ttho

where n is the index of refraction (it is the interaction with the
polarizabilities which causes PBEEECEIonrl.to give the usual
expression for the Rayleigh cress section:

Qr = 32*pi~3(n-1)"2/3*N0*lambda”4 (NO 2Ew Loschmidt's number, density
at STP) Q( - %2 ﬂ's Cn —|)
- =
z M, At

* example of GOME spectrum with low albedec - Rayleigh source of short
wavelength light.

It can also be readily shown that the phase function for Rayleigh
gecattering is (3/16*pi)*(1+cos“2theta)

CI;: = (v coste)

TATY

The (strong) ﬁafgffggﬁion of the scattering can also be determined.

Thus, if we know the dynamic polarizabilities of N2 and 02 we can
completely describe Rayleigh scattering events in the
atmosphere. Fortunately, these are guite well known to at least 200
nm, and the scat:tering has been fully characterized. The dynamic
polarizabilities and their anisotropies have been analyzed by Bates
[19841, which remains the best review of the available data

D.2, _5.9‘1'15 P[nn-&'{' sf‘?ft S, 32. 385 - 4?0[/47‘4)
There however a compllcatlon The poclarizabilities of N2 and 02
anisotropiciy they are different aleng the molecular axes than
across. The elfect of the polarizability anisctropy 1s to allow for
the inducing of transitions among the rotaticnal (and, weakly,
vibraticnal) states of the molecules. This means that some fraction
(several percent for scattering through one atmosphere at 00-350 nm)
of the Rayleigh scattering is inelastic. A fraction of the Fraunhefer
light incident upon the scatterers is scattered out into an envelope®
of the Raman spectra centered at the incident wavelength. This effect

in atmospheric spectra is known as the "Ring effect" {(after Grainger
and Ring, who first observed it in ground-based measurements of
scattersd solar llgh —_ it A

= i o(:E;( tzx+1/3

This inelastlc scatterlng has its own spectrum, which substantially
interferes with the measurement of trace atmespheric species in the UV
(remember 1/lambda”4). We must be able to correct for it
quantitatively in corder to make reasonable measurements of, for
example, NC2, BrO, 0C10, H2CO, and 802 - correcticn alsc helps improve
03 measurements.

Fortunately, the aniscotropies cof the polarizabilities of N2 and 0©2
have alsc been guite well determined for che UV/visible and IR, for at
least 200-1000 nm {for longer waveWengt ., Raylelgh scattering,
including this ineTastlc component, 1s usually negliginle - remember



1/lambda”4 dependence) .

With these anisotropies and the quantum mechanical solution to cross
sections for the Raman scattering (here is the dominant rotational
Raman part) we can calculate accurate cross sections for the inelastiec
scattering component for 02 and for N2 for any wavelength in this
range. Here is an example at 440 nm, in the region where NO2 is fitted
in visible atmospheric spectra.

* N2 and 02 scattering at 440 nm

The input to the atmosphere is the solar Fraunhofer spectrum - here is
an example of a measurement of it:

* Kurucz spectrum

Locking again at the 440 nm sample window, these panels show the whole
process, as developed for fitting of GOME spectra:

* 4-panel figure with explanation and BOAS/DOAS distinction

To demonstrate how important proper inclusion of the Ring effect is on
atmospheric UV measurements, here is an example of ficting a GOME
spectrum for BrO, showing that the Ring component is an order of
magnitude larger:

* BrO and Ring cemparison

This anisotropic component has an effect on the overall Rayleigh
scattering cross section:

7 -
OR = (3) &, = w2 >(n-1)" Fy
where Fk 1s the King factor, given by:
_ — Z + 2% &
Fk = (a) i”t-’—!+z(’i-:)=d? = |+ ZE
e b-#Pe a

We give the best current parameterization of it for 200-2000 nm in our
Chance and Spurr paper.

The intensities for the elastic and inelastic components, there
polarizaticn dependences and phase functions, are all now
well-determined:

* Table of intensities and phase functions

The index of refraction versus wavelength is also very well
determined, so that we can calculate refractive ray tracing (using
Snell's Law) through the atmosphere, which is a necessity for many
atmospheric measurement geometries. We alsc give the best current
representation of it, from parameterization of Rates' data:

-
- 4 - . T AR Skt % 4tz7 § e (lm)
« 61 (N=1) x 1ot = 0.3 | isH. - o 41a-6 g

* Snell's law - nl=*sin {thetal) = n2*sin{thecal)
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Lastly for this topic, note that there is often some confusion and
indeterminacy in wavelength assignments due to the air/vacuum index of
refraction correction. Dispersion (e.g., grating) instruments often
measure wavelengths, which are often measured in air (at what density?
sometimes not apparent} and they are sometimes corrected in an
untraceable fashion. Reference spectra are sometimes reported without
explicitly saying whether the wavelengths are air or vacuum - it makes
a substantial difference!

FTS instruments measure wavenumbers (cm-1) which are frequencies! (no
"1/cm" or "reciprocal centimeters", please). By definition, they do
not need to be corrected for the index of refraction. However, one
does occasionally see "air wavenumbers" (presumably from partial
correction of wavelengths), which should never be used.



e HITRAN Database

HITRAN is an acronym for high resolution transmission molecular absorption
database. HITRAN is a compilation of spectroscopic parameters which a variety of
computer simulation codes use to predict the transmission and emission of light in the
atmosphere. The database is a long-running project started by the Air Force Cambridge
Research Laboratories (AFCRL) in the late 1960’s in response to the need for detailed
knowledge of the infrared properties of the atmosphere. The HITRAN compilation, and
its analogous database HITEMP (high-temperature spectroscopic absorption parameters),
are now being developed at the Atomic and Molecular Physics Division,
Harvard-Smithsonian Center for Astrophysics under the continued direction of Dr.
Laurence S. Rothman.

The current edition of the HITRAN molecular spectroscopic
database is available on CD-ROM. It is included in a compilation
called HAWKS (HITRAN Atmospheric Workstation). HAWKS
represents more fully a "matter” database.

In addition to the 1,000,000 line HITRANGS6 database, there are
files containing aerosol indices of refraction, UV line-by-line and
cross-section parameters, supplemental files of gases such as ionic spectes and
high-vibrational calculations, and more extensive IR cross-sections. In addition, there is
the software handling of the data in both Windows and UNIX platforms, all available on
a CD-ROM.

The database is currently distributed on a single CD-ROM. A free copy may be
obtained by researchers using their institutional addresses by completing the HITRAN
Request Form. Special questions should be addressed to Dr. Laurence Rothman at
LRothman@CfA Harvard.edu.

Last updated: October 8, 1999
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Table 2. Summary of species represented in HITRAN

T

Mol. no. Molecule Number of Number of Number ol Spectrad coverage
isolopomers bands lines {cm™")
I H,0 4 137 49 4dd )-22 437
2 CoO, B 589 60 B2 442-9649
3 O, 5 106 275133 )-4033
4 N,O 5 164 26 174 )-5132
5 coO ) 47 4 477 3-6418
6 CH, 3 51 48 032 -6185
7 O, 3 9 6292 (-15928
8 NO 3 50 i5 331 13-3967
9 SO, 2 9 38 853 }-4093
10 NO, t 12 100 680 )-2939
I Nil, 2 40 11152 1-5295
2 HNO, t 13 165 426 }-1770
13 OH 3 133 8 676 3-9997
t4 HIF i 6 HO7 4111536
L5 HCI 2 17 533 20- 13458
s [iBr 2 16 576 16-9759
17 1 I Y 237 12 B48¥
I8 10 2 12 7230 1208
14 OcCs 4 7 558 1)-208Y
20 1H,C0 3 [1§] 2702 1}-2999
2] HOCH 2 6 £5 365 1-3800
22 N, 1 i (20 19222626
23 HON 3 b 772 2-3422
24 1,01 2 3 9 155 6793173
25 i,0, ! 2 5 deld) - 1500
26 1, 2 [ | 668 604--3375
27 C, 11, [ 2 4 749 T20-3001
28 Pl | 2 2 886 703-1411
29 COt, | 7 54 866 715 1942
30 St, l vl 11520 D4i) 953
31 H,S 3 15 7151 3.2892
32 LHCOOIH 1 I 3388 [060- 1162
13 110, [ 4 26 963 0-3676
34 O l | pi 63 159
15 CHONO, 2 3 32 199 763 -798
16 NO! l 6 ] 206 1634-2531
37 HOBY 2 2 :b 358 0-316
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UV Spectral Data for HITRAN 2000 —.

K Chance, TF. Kurosu, K. Yoshino
i, LS Rothmm

le for Astrophysics Uniwersity of Desrver
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JPL Molecular Spectroscopy

Molecular spectroscopy is the study of absorption of light by molecules. In the gas phase at low
pressures, molecules exhibit absorption in narrow lines which are very characteristic of the molecule as
well as the temperature and pressure of its environment. In the microwave and long-wavelength infrared
regions of the spectrum, these lines are due to quantized rotational motion of the molecule. At shorter
wavelengths similar lines are due to quantized vibration and electronic motion as well as rotational
motion. The precise frequencies of these lines can be fit to quantum mechanical models which can be
used both to determine the structure of the molecule and to predict the frequencies and intensities of
other lines. Because this absorption is so characteristic, it is very valuable for detecting molecules in the
Earth’s stratosphere, planetary atmospheres, and even the interstellar medium. This home page contains
very specialized technical information. While the general user is welcome to browse its contents, the
descriptions assume a knowledge of spectroscopy and quantum mechanics.

The JPL Molecular Spectroscopy Team supports NASA programs in Astrophysics, Atmospheric
Science, and Planetary Science. Its activities include measurement of rotational lines, fitting the lines,
and preparing a catalog of line positions and intensities. The members of the team include Edward A.
Cohen, Timothy J. Crawford, Brian J. Drouin, John C. Pearson, and Herbert M. Pickett.

Features

® Catalog Directory with links

® Cataiog Browser Form

® New Catalog Additions

® What's New with Fitting Programs

Guide to anonymous ftp file system for spec.jpl.nasa.gov

® The sub-directory calpgm contains programs for fitting spectra. These programs are copyrighted,
but made freely available as a service to the spectroscopic community. Some of the details of the
program are described in H. M. Pickest, "The Fitting and Prediction of Vibration-Rotation Spectra
with Spin Interactions,” J. Molec. Spectroscopy 148, 371-377 (1991).

® The sub-directory catalog contains files related to the JPL spectral line catalog. The file catdir.cat
contains the current catalog directory in a format described in the written catalog description. Line
files are designated as ctttttt.cat, where ttttt is the zero-filled catalog tag number (the first entry in
each line of the catdir.cat file). For example, the H atom line list is in file c001001.cat. The line
files and the directory file are text files readable with usual text file system utilities. It is
recommended that they be transferred under ftp using the ASCII option, although binary should
work with UNIX hosts. The file README contains a short description of the format of catdir.cat
and the catalog files. A html] catalog directory is available which provides links to the catalog



IS

lil

Pk

Iy B

entries and the associated documentation (in either pdf or Tex format). The current literature
reference for the catalog is H. M. Pickett, R. L. Poynter, E. A. Cohen, M. L. Delitsky, J. C.
Pearson, and H. S. P. Muller, "Submillimeter, Millimeter, and Microwave Spectral Line Catalog,”
J. Quant. Spectrosc. & Rad. Transfer 60, 833-890 (1998).

® The sub-directory catalog/doc contains the documentation for the line files. Documentation for a
particular species follows the line file naming convention except that the first character is °d’
rather than 'c’. These files are text files in LATeX format. The files catdoc.tex, catintro.tex,
catdir.tex, and moldoc.tex are the files used to generate the catalog descriptive report. The file
pretex.tex can be used to prepare a single document page. Processing the full documentation will
generate a document of over 300 pages! This documentation is also available in postscript form as
catdoc.ps (734 kbytes). If you have the free Adobe Acrobat reader, you can read the document
catdoc.pdf (707 kbytes). A pdf version of the introductory information about formats, etc., is
available as catintro.pdf (166 kbyes).

® The sub-directory catalog/pgm contains utility programs for catalog access. The subroutine set
catread.f contains code for reading files into a FORTRAN program. These routines use random
access, and assume that the files have a fixed line length within the file. Some modification of path
names and file open options will be required for operating systems other than UNIX. The program
catlist.f uses catread.f to provide listing of lines for selected molecules over a selected frequency
range.

® The sub-directory catalog/archive contains the some of the input files for calculating the catalog
files

WARNING: this file system is the living repository of the JPL catalog. Recently added files
may still be in a preliminary state. Caution should be used for species which have a catdir.cat
line ending with **’, which have been modified since the last published edition of the
catalog.

Herb Pickett, e-mail: hmp@spec.jpl.nasa.gov



The catalog data files are composed of B0-character card images. with one card
image per spectral line. The format of each card image is:

FREQ, ERR, LGINT, DR, ELO, GUP, TAG, QNFMT, QN’, (CN"-
(F13.4,F8.4, FB8.4, 12,F10.4, 13, 17, I4, 6I2, 6I2)

FREQ: Frequency of the line in MHz.
ERR: Estimated or experimental error of FREQ in MHz.
LGINT: Base 10 logarithm of the integrated intensity in units of nm~2 MHz at

300 K.

DR: Degrees of freedom in the rotational partition Function (0 for atoms,
2 for linear molecules, and 3 for nenlinear molecules).

ELO: Lower state energy in cm*{-1} relative to the ground state.

GUP: Upper state degeneracy.

TAG: Species tag or melecular identifier.

A negative value flags that the line frequency has
been measured in the laboratory. The absolute value of TAG is then the
species tag and ERR is the reported experimental errcr. The three most
significant digits of the species tag are coded as the mass number of
the species.

QNFMT: ldentifies the format of the quantum numbers

QN’ Quantum numbers for the upper state.

ON": Quantum numbers for the lower state.

The on-line version of the catalog contains individual Files for each
molecular species. Line files are designated as cttbbttt.cat, where Etttet
is the zero-filled catalog tag number. For example,

the H atom line list is in file c001001.cat.

A directory of the catalog is found in a file called ’catdir.cat.”

Each element of this directory is an 80-character record with the following
format:

TAG, NAME, NLINE, QLOG, VER

(I6,X, Al3, I6, 7F7.4, I2)

TAG: The species tag or molecular identifjer.
NAME: An ASCII name for rhe species.

NLINE: The number of lines in the catalog.

QLOG: A seven-element vector containing the base 10 logorithm of the partition
function for temperatures of 300 K, 225 K. 150 K, 75 K, 37.5 K, 18.7% K,
and 9.175 K, respectively.

VER: The version of the calculation for this species in the catalog.

The version number is Ffollowed by * if the entry is newer than the
last edition of the catalog.
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Rayleigh Scattering Cross Section

12872

Q% em?) = X a”

Rotational Raman Cross Sections

. 256m> .
W L2 9
Qy plem”) = —27()\,)(,’7 Inba g N

where fy is the fractional population in the initial
state, and the Placzek-Teller coefficients are given in
a Hund’s case b coupling scheme by

byt vy = (2N + DEN +1)(2J +1) (

J is the total angular momentum, S is the electronic
spin angular momentum (1 for O, and 0 for N3), and L

is the component of the 2™ rank polarizability tensor.
L = 0 for average polarizability (Rayleigh scattering)
and L = 2 {or the present Raman scattering. O, eigen-
vectors must be expanded in terms of the Hund’s case
b basis set.



Index of Refraction

315.90 8.4127
157.39 — o? * 50.429 — o2

(Dair — 1) x 10* = 0.7041 +

o (pm™") = 1/A (um)

Rayleigh Scattering Cross Section at STP (cm?)

3.9993 x 107451
1—1.069 x 10202 - 6.881 x 10351

Qg x 10** =

Rayleigh Scattering Phase Functions

#C 3  [(180 + 13¢) + (180 + €) cos?f
o - 1601r 18+ ¢

o H(ll’a + cos®$)

T - 3 [(45-+13¢) + {45 + ¢) cos?f
° 7 8or 9 + 2¢

¢ = (y/@)?, v is the anisotropy of the polarizability, and @ is the
average polarizability. In each case, the phase function is given
in terms of the respective depolarization ratio pf (X = C,W,T) by:

[1+p )+ (1= p¥)cos*d

L 7+ ¥

X - S
s 87
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Relative Rayleigh and Raman Scattering
Intensities, Mostly from Kattawar et al.,
1981

V polarization in H polarization in - Sum (natural light in)

Rayleigh-Brillouin

YOy = 180 + 4e¢ Hey =3¢ °%Cy = 180 + Te
YO = 3e "Cu =3¢ + (180 + €)cos®0  °Cy = 6 + (180 + €)cos?0
Yo = 180 4 Te "Cy = 6e+ (180 + €)cos®®  °Cy = (180 + 13¢) + (180 + €)cos*t

pg = 6¢/(180 + Te)

Raman

VI'VV = ]2¢ ”H/v = ¢ O'r‘Vv = 2le
YWy = 9¢ Wy = 9 + Becos? "Wh = 18¢ + 3ecosd
YW, = 21 Ve = 18¢ + 3ecos “Wo = 3%¢ + 3ecos??

o = 6/7

Sum

VTv = 180 + 16e TPy = 12¢ Ty = 180 + 28¢
VT = 12¢ Ty = 12¢ + {180 + 4c)cos?0 Ty = 24e + (180 + 4¢)cos?l

TV = 180 + 28¢ Ty = 20e + (180 + de)eos® Ty = (180 + 52¢) + (180 + 1¢)cos®
P = Ge/(45 + T¢)

¢ = (v/a)

¥ — 3 [(4p5) + (1~ pf Jeos®
K ST 24 pi
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Transmittance

Optical thickness

Fitting of GOME spectrum (nm)
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Day 5

First, let us consider the Curtis Godson (or van de Hulst Curtis
Godson approximation for inhomogenecus atmospheres. In the
approximation of an atmosphere that is exponential in pressure. In
such a case, the total abundance is shown by gsimple integration to be
equivalent to that of a layer of the base pressure, with thickness
equal to that of the exponential scale height. However, H-C-G showed
that a best overall single layer representation for calculation of
spectra of such atmospheres is one where the representative prassure
is 1/2 the base pressure. For an atmospheric shell with pressure
boundaries Pl and P2, the best choice is (P1+P2)/2. This can readily
be4 demonstrated by integration over P(z)dz to determine the
pressure-welighted avarage.

The general procedure for constructing an atmospheric model is then to:

construct layered atmosphere appropriate to gecmetry;
determine whether refraction needed;
recursive tests for layering {(are the layers small enough?) - CH (z) -

% changes
cloud complicaticons in M-S (change in CD)

assemble databases

medel spectrum
line-by-line (approximations tc speed up; correlated k!
adding ODs, perhaps (for emission, with respect to a standard
temperature; using the blackbody formulaticn)
model transmission or emission
adjust for 1), albedo, closure terms

perform fitting - nlls
onion peeling or gleobal fitting for limb
statistical regularization (e.g., optimal estimation or
Philips-Tikhonov) for under-constrained problems
linear vs. nonlinear fitting models (DOAS versus BOAS)

It is very impertant for the serious student to realize that it is the
retrieval that matters, and that the way to participate meaningfully
is to investigate relevant retrieval issues down to bedrock. We do
have an unfortunate tendency in our community to operats by reputation
and by acronym {as a way to obtain credit that is not always due) -
atmospheric measurements i1s not nearly as rigorous a field as, for
example, laboratcry spectroscopy. So, when anyone (even myself or vour
other teachers in this course) tells you that such-and-such a method,
described by this-or-that acronym is the best, vou should always
remain skeptical. The best way to contribute yourself is to learn the
details (which many atmospheric measurers do not}, question
everything, and experiment endlessly. Library research, which T feel
in under-utilized in our £field, can alsc help to improve

retrievals. If you take my challenge and trace line parameters to

there source you can find some very interesting things. Also, if vyou
track down fitting technigues which are supposed to be very well
validated, you may find some surprises - like they are mainly

validated by old age.
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FIRS-2 Measurement Applications

o Atmospheric modeling: FIRS-2 determines details of strato-
spheric photochemistry, improving predictive capability of
models.

» Global warming studies: FIRS-2 determines details of the
atmospheric radiative properties of greenhouse gases, espe-
cially CO,.

« Industrial processes: FIRS-2 measures effects of chloroflu-
orocarbons and halons on the ozone layer.

» Agricultural processes: FIRS-2 measures gaseous by-products

of agriculture; nitrous oxide, bromine species resulting "-om
methyl bromide use. '
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Conclusions from FIRS-2 measurements

*"We have made the first simultaneous measurement of HO,,
Cly, and NO, species throughout the middle atmosphere.
The relative contributions to ozone destruction from the
HO,, NO,, and Cl, catalytic cycles are determined from
20-40 km.

+ Comprehensive budgets of NO,, and Cl, are measured.

e Chlorine budget studies suggest that a small channel exists
for production of HCI from C1O + OH and/or CIO 4+ HO,,
diminishing the effectiveness of the CI, catalytic cycle in
the upper stratosphere.

» O3 formation and loss rates in the upper stratosphere are
now shown to be in balance; under-prediction of strato-

spheric O3 above 35 km was a long-standing problem.
¢ OH near 40 km has been under-predicted.

+ HBr measurements provide constraint on bromine budget,
Br, chemistry (in particular, it provides limits to the effec-
tiveness of BrO + HO,).

» Closely-:oupled chemical relationships in the upper strato-
sphere have been tested, e.g.

HOCI) = ki[HO[CIO)/ Groct + ka[OH])
[HQO?] —_— k3[HO‘2]2/(jH‘302 + "4[OH])
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Line Locations for THz Measurements of Trace Stratospheric Species

OH

-1

THz cm
2.51433
3.03627
3.03664
3.54379
3.55119
4.21230
5.35823
5.36387
5.65034
5.66351

33.869
101.279
101.291
118.208
118.455
140.507
178.731
178.920
188.475
188.914

HO,

0.62566
4.25849
4.30681
4.32432
4.37126
4.39032
4.56198
4.58797
4.65355
4.71896

20.780
142048
143.660
144.244
145.810
146.445
152.171
153.038
155.228
157.407

H,0,

-1

THz

cm

2.81734
3.236279

93.976
112.171

HF

4.91468 163.936
6.13197 204.540
244, @73

HCI

3.12199
3.74222
4.35367
4.36018
+.96809
4.97551
3.58783

104.138
124 827
145.223
145.440
165.718
165.965
186.390

HOCI

2.98378
1.28628
4.28668
4.31549
4.31641
4.40547
4.67133
4.75945

99.528
142.975
142.988
143.949
143.980
146.951
155.819
158.758

ClO
THz cm™!

0.64945  21.663

HBr

1.50055
1.50102
2.99536
3.48976
3.49084

50.053
50.069
99.914
116.406
116.442

NO,

99.527
103.470
104.178
105.886
106.856
108.554
116.214
116.244

2.98374
3.10196
3.12317
3.17440
3.20348
3.25435
3.48401
3.48492

™y
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The Nimbus-4 Backscatter Ultraviolet (BUV) Atmospheric NG

Ozone Experiment - Two Years’ Operation

By DoNaLD F. HEaTH'), CARLTON L. MATEER?) and ARLIN J. KRUEGER!)
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CONTRIBUTION FUNCTION
Figure |
Effective scattering levels for solar radiation scattered in the nadir direction of the satellite for all order
of scattering: solar zenith angle = 60" and total vzone = 336 m atm-cm
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