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Abstract

In infrared remote sensing by Fourier transform spectroscopy usually not the mea-
sured spectrum as a whole is analysed but subsets, so-called "microwindows”, which
contain prominent transitions of the target species. While microwindows noted in
the literature were selected by conventional methods, the purpose of this work is
to select optimum microwindows for analysis of target species such that the related
retrieval error is minimized. The choice of microwindows is shown to depend on
the assumed retrieval scenario. In particular microwindow boundaries and associ-
ated retrieval errors are sensitive to assumptions on errors of parameters which are
not jointly fitted along with the target parameters but kept constant during the
retrieval. It is shown that consideration of uncertainities in pressure, temperature
and measurement geometry has major influence on the optimization of microwindow
boundaries and the selection of microwindows. Some of the microwindows which
are optimum in the idealized case of negligible uncertainties of pressure, temper-
ature and measurement geometry, are similar to those reported in the literature,
while there are considerable differences between the latter and those microwindows
optimized for more realistic conditions. Hence our analysis suggests that existing
microwindows defined by conventienal methods are not best suitable for application
to realistic measurement scenarios because these sources of systematic errors have

been underestimated.




1 Introduction

The principles of remote sensing are used for a wide variety of purposes, from examining
the structure of the nucleus to the structure of stars, from oil exploration to medical
tomography. The early development of remote sensing as a scientific field is closely tied
to developments in photography. The first photographs were reportedly taken by Da-
guerre and Niepce in 1839. A number of progress have been made in the development
of remote sensing since then. Beginning in the mid-1960’s, a large number of studies of
the application of color infrared and multispectral photography were undertaken under
the sponsorship of NASA, leading to the launch of multispectral imagers on the Land-
sat satellites iu the 1970’s which were initiated due to two principal events. The first of
these, during and after world war II, was the concerted military development of sensitive,
fast-response detectors and compatible optical materials and later computers. The sec-
ond, during late 1960’s and early 1970’s, was the emerging perception that manufactured
chemicals in the atmosphere could affect the long-term stability of stratospheric ozone
layer and the overall radiation balance of the planet. The concerns generated by this
realization lead to development of instrumentation capable of first detecting, and then
monitoring on a global scale, the concentrations of numerous source, sink, reactive and

reservoir molecular species involved in these potential changes.

At the present time. most remote sounding investigations are directed towards the ac-
quisition of fundamental information on composition, gross circulation, temperature and
pressure patterns, and the nature and behavior of clouds. Recent concern has also been
expressed that the steady build-up of source gases such as CO,, CHy, N;O and CFC's
affect the climate of the earth through change in the radiative transfer. Equally impor-
tant is the possible depletion of the stratospheric ozone layer which plays a vital role in
controlling the penetration of harmful UV radiation through the atmosphere. To this end,
IR spectroscopy is of very great importance because the atmosphere absorbs and radiates

strongly in this spectral region.

A brief historical development of remote sensing has so far been discussed mainly in

relation to the development of instrumentation, In the following, the interpretation of




remotely sensed radiation measurements will be touched. Basically remote measurements
are used when direct measurements are difficult or expensive since they often bring in
their wake complex problems of interpretation generally known as Inverse Prohlems. The
atmosphere is a typical subject for which remote measurements are cost effective, and for

which inverse methods are required.

All remote sounding techniques involve the detection and measurement of electromagnetic
energy after it has been emitted from, reflected from, partially absorhed by or otherwise
modified by the part of the atmosphere of interest. The problem of interpretation of such
measurements is made difficult by the fact that the flux intensity arriving at the instru-
ment is, in general. a function of many unknowns, and made worse by the fact that the

dependence is often complex and may be only partly understood.

The inverse problem is the question of finding the best representation of the required
parameters given the measurements made, together with any appropriate a priori infor-
mation that may be available about the system and the measuring device. Associated
with the inverse problem there are also questions of understanding and describing the
information content of the measurement, the relationship between the true state of the
system and that derived using inverse methods, and the error analysis of the overall mea-

suring system {Tworney, 1977).

The measured spectrum is usually not analysed simultaneously as a whole apparently due
to much computer time involved. A single grid point is also impractical due to its limited
information content. Hence, it is quite common to use a set of consecutive spectral grid
points known as microwindow (e.g. Goldman et al.; 1983, Gunson et al., 1990). The set
of consecutive spectral grid points thus selected to extract information about the target
species is expected to contain only small signal of interfering species. The analysis of the
measured spectrum is usually carried out using inverse nonlinear modelling which is the
basic approach of parameter fitting (Chang et al., 1977, Lin et al., 1979, Niple et al., 1980,
Benner et al., 1995). The simulated spectrum is created on the basis of initial guess values
of input parameters, and then compared to the measured one as a function of frequency

grid points, The simulation with refined values of input parameters and comparison con-




tinues until there is a good agreement between simulated and measured spectra. For
reasons of limited computational resources the analysis of measured spectrum as a whole
is quite impracticable. Moreover, as the number of frequency grid points increases it 1s
likely that more and more absorption features of other species of no interest but unknown
abundances may increase as well. This in turn demands to increase the number of input
parameters to describe the measured spectrum with more accuracy. In such situation, the
nonlinear least squares refinement involves many parameters which sometimes may not

lead to convergence.

The underlying reasons behind the conventional selection and definition of microwin-
dows were purely ad hoc decisions of experienced spectroscopists in the early days of
atmospheric spectroscopy. This does not promote the current demand for quantitative
accuracy and measurement validation for reliable environmental monitoring and to our
understanding of atmospheric chemistry and dynamics. Thus, selection and definition of

microwindows have to be done quantitatively, objectively and in a reproducible manner.

An optimum microwindow contains prominent but usually non-saturated transitions of
the target species, leading to high sensitivities of the measured spectral signal to the tar-

get parameters, while the signal of transitions of non-target species shall be low.

In this work, an attempt has been made to select optimum microwindows for spectral
region 700.0 - 995.8 cm~! for analysis of ground-based FTIR ahsorption spectra. We used
formalism adopted from general theory of propagation of errors from several observables
to less than or the same number of parameters. The results have been validated by doing
some test retrievals for selected gases and then comparing associated retrieval errors with

those claimed by the microwindows used.




2 Measurement of Absorption Spectra

2.1 The Instrument

The present study is dedicated to measurements of solar absorption spectra by ground-
based high resolution FTIR spectrometers. An example of this lype of instrument. is
the commercial BRUKER. 120 HR spectrometer which is operated at several Network for
Detection of Stratospheric Change (NDSC) stations to menitor the stratospheric compo-
sition. It is simply a technical variant of a common infrared spectrometer which yields an

intensity signal as a function of wavelength. The setup differs from a classical graling or
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Figure 1: The schematic diagram of the FTIR Spectrometer,

prism spectrometer in that way, that it does not record the spectral intensity as a lunction
of the wavelength directly but as an interferogram instead. The central component of an
FTIR spectrometer is a Michelson interferometer. In such instruments amplitude division
is usually performed through the use of a partially reflecting/transniitting surface called a

beamsplitter. This generates two in-phase wave trains travelling in different directions. A




phase shift is introduced into one or both beams, and the two are recombined at another

(or the same) partially reflecting surface.

The mirror system of the sun/moon tracker actively follows the position of the sun or
moon, providing a homogeneous input of solar or lunar radiation into the actual spec-
trometer. The incident light is formed into a parallel beam by the pair of parabolic mirrors
at the entrance of the instrument, The light then enters the Michelson interferometer con-
sisting of the beamsplitter, the fixed and the movable mirrors, and the detector optics

(see Fig. 1).

The detector considered in this particular study is a common Mercury-Cadmium-Tellurium
(MCT) detector {or solar spectra. The maximum optical path difference is 250 cm while
the aperture of the interferometer and the focal length are 1.7 mm and 418 mm respec-
tively. Therefore, the spectrometer has a resolution of 0.00255 cm™" in terms of full width

at half maximum (FWHM) after apodization with rectangular function.

2.2 Basic Implementation

Light from a point source (assumed monochromatic for the moment) is rendered parallel
by a collimator {lens or mirror) . The wave front passes to a beamsplitter, here shown
as an infinitely thin membrane (which in practice can be approximated) and is divided
into two equal amplitude wave fronts. The two resultant wave fronts travel to the plane
mirrors (assumed to be static for the moment) and are reflected back on thermselves.
Provided that the mirrors are set perfectly perpendicular to the beams, the wavefronts
on recombination at the heamsplitter (now acting as a recombiner) are still plane and
parallel and will interfere by the principle of superposition. After focusing by a condenser.
a detector will record an intensity that depends on the path difference that was imposed

by the travel to and from the plane mirrors.

The movable mirror in Fig. 1 was presumed to be a static system. Suppose, however, that
it moves at a constant velocity of V [em/s]. When iHuminated by monochromatic point

source, the detector will see a periodically varying signal and, it can be proved that the




output will be a cosine wave (Bell, 1972). The electrical frequency f [Hz} of this waveform

is readily calculated: the rate of change of path difference -‘;—f— is simply 2V [cm/s]; so we

have

f=2V

remembering that the units of v are cm™!. That is, a Michelson Interferometer can be
considered as a form of frequency transducer that converts optical frequencies {which are
very high and well beyond the capability of the known detectors to sense) down to electri-
cal frequencies that can, in principle, have any value we choose since the mirror velocity
V is controllable by the user. Furthermore, the transformation is linear: the amplitude

of the electrical output is directly proportional to the incoming intensity.

Suppose that we replace the monochromatic source by a broad band source, Such a source
emits a wide range of optical frequencies that are independent (and uniquely) transformed
into a range of electrical frequencies. The task now reduces to devising means of mea-
suring the amplitudes of each of these electrical frequencies. I V is known, the input
spectrum is immediately recoverable. In fact, a more elegant procedure is employed- the

Fourier Transform (hence the name of the technique) (Bell, 1972, Beer, 1992).

2.2.1 The Basic Integral for Fourier Transform Spectroscopy

Here, we begin with the definition of Integral Fourier Transform and later show that the
electric field as a function of position is the Fourier transform of the electric field as a
function of frequency. Mathematically, a function F{(z) can be written as

PT@—:jf:ﬂ§k4”“&§§}*WA@n.

If we know F'(z) and want A(£), it is uniquely given by
M@:f F(z)e®™de = F(F(x))

where this integral is called the Fourier transform and the earlier integral is called the

[nverse Fourier transform.




Now consider a plane, monochromatic wave at a point z and at time zero. The wave may
be represented by
y(z,v) = a(v) cos{kz) = a(v) cos(2nvz)

where k 1s the propagation constant and v is the wave number. If at a point, one has
many waves each of a different frequency and amplitude a(v), then, in a wave train, the

resultant amplitude is

y(z) = - /000 a(v) cos(2mvz)dv. (1)

14
Here, i is some average wave number and “—E,,ﬂ can be visualized as an amplitude density.
The next step is to show that the amplitude limits can be extended from —oo to oc, so

that the Fourier transform integral can be used.

Cousider the following separated integral:
oG . 0 ) =} ]
/ b{v)e? ™ dy = / b{v)e' ™ dy -I—/ b(v)e ™ dy. (2)
—0 =00 0
Note that, on reversing the limits of integration and using b*(v) = b(—v), one has
0 . o0 .
/ b{v)e* ™ dv :] b () (e*™*) dv. (3)
-0 0

Substituting (3) in (2) and noting that a complex product equals the complex conjugate

of a product, one has

/j‘“’ b)e iy = /ﬂw{b(u)e“”“+(b(V)e*2”“z)*]dV

= =]

Il

2]00 Re[b(v)e*™?]dy. (4)

]
If b(v) is real (it is also an even function), one has only the even part of the right integral,

i.e., the cosine. Then, (4) can be arranged as

|

r

f b(:/)cos(‘?,:w:)dv:‘/ b(v)e?™dv. _ (5
] -

o0

Upon letting b{v) = ﬂuﬂ and using (5), the resultant amplitude in (1) may be expressed

as an integral from —o0 to oo with the cosine function replaced by €™ in the form

v =3 [ wera (®)




If we define 1b(v) = E(v) as the electric field amplitude of wave number v then the
electric field as a function of position is the Fourier transform of the electric field given

as a function of frequency

y(z) = [‘” E()e ™ dv = F{E(v)}. (7)

A Fourier transform can be applied to (7), yielding

Elv) = /jo y(z)e ™2 dz, (8)

(o]
We have so far derived the basic equation through which the electric field as a function
of position, that can be obtained from direct measurement, is linked to the electric field
as a function of frequency, that might be used to get the observed spectrum as briefly

described in the next section.

2.2.2 A Spectrum Versus an Interferogram

An interferogram, the flux per unit solid angle, is a quantity that is measurable directly
by the spectrometer as a function of the optical path difference of the interfering wave
fronts (see Section 2.2). A spectrum is the same quantity but given as a function of its

frequency. We demonstrate how one of these quantities is derived given the other.

The amplitudes of two coherent waves which at time zero have the same amplitude £(v)
at wave number v, but which are separated by a phase difference k§ = 2rvé, can be given
by (7) as
o .
yi{z) = / E(v)e* ™ dy (9)
—o0

and

yz(z) — [w E(V)ei%-v(zwf)dy (]0)

o0

where 6 is the optical path difference between the two waves. Eqns. (9) and (10) represent
the waves from each arm of the interferometer after they have been recombined. Using

the superposition principle, one has

§(2) = (=) + al) = / ClEW 1 e, ()




Define the resultant field Er($, v) as

y(z) = /_ Er(8.v)e* ™ dv (12)

[o0]

and compare to (11) from which by uniqueness of Fourier transforms, we obtain
Er(6,v) = E(W)(1 + ™), (13)
But the intensity £(6, v}, usually referred to as irradiance or flux density, is
Flév)= %ceogn‘(é,u)gg(tﬂ,u), (14)

where ¢, is the electric permittivity of the free space and ¢ is the velocity of light in

vacuum. This can be further simplified to
F(6,v) = ce,E(v)[1 + cos(2nvé)). (15)

There is no phase relation between the fluxes of different wave numbers at a given path
difference é from white light source. So, we add the fluxes of different frequencies and

define Iz(6) as

Ir(8) = lfm F(é.v)dy.
0

v

Upon substitution the expression for F(6.») from (15) , this equation will have the form

1 2 > g, T
Ur(8) — —Ir(0)] = \/(—)/ [(T—)EQ(U)\/(—)] cos(2rrd)dy,
2 T’ Jg v 2
where at § = 0, Jp(0) = == [* £2(v)dv. Writing the Fourier transform of this integral.
we have
Co\ g 7 2 = 1
(VG =VIZ) [ Un(E) — , Ir(0) cos(2m18)d5.
D
The left-hand side of this equation by definition is the irradiance (see (14)), so that the

final result obtained is

F(v) = (const) ‘/Ooo[lﬁ(ﬁ) - %IR(U)} cos(2nrvb)dé. (16)

This is the basic equation which relates the interferogram (/z(6) — 2 I5(0)), the measured
flux density as a function of position, with the spectrum F{v}, the irradiance as a function
of frequency, which is the finger print of the species emitting at the given wave number
and also vital for deriving information about the parameters. In order to obtain the spec-

trum, it is only necessary to repeat the calculation of Fourier transform using (16) for

9




each wave number in the range of interest.

Unfortunately, we can not solve (16); at least not quite. First and foremost, the use
of an integral sign implies that we have knowledge of § at infinitesimally small intervals
(i.e., an infinite number of samples). As we shall see soon, we can have (and only need)
knowledge of é at discrete intervals, which will entail replacing the integral by a summa-
tion but thereby rendering the problem tractable on a computer. Second, and equally
important, the interferogram is produced by a real instrument and can be generated only

over some finite range of path difference é (0 to L, say). What are the implication of this 7

Knowing the measured output, called an interferogram (/g(6) — I—F‘?@ = (G(4)), only over
a finite range is exactly equivalent to multiplying a theoretically infinite version of G(§)
by a function that takes the value 1 between § = 0 and § = L and is 0 every where else,
Such a function is usually called a boxcar function. Thus what we actually will try to
solve is not (16) but a modified version

F'(v) = /_ " C6)B(6) cos(2mv6)ds (17)

o0

where B(6) = 1 for 0 < § < ;0 otherwise. What we must now try to resolve is
the relationship between F'(v), the answer we really want. and F'(v), the answer we are
actually going to get. The key lies in the procedure known as convolution. By convolution
theorem if

c=h®g

and C(f), H(f) and G([) are the Fourier transforms of ¢,k and ¢ then

The required relation between F'(r) and F(v) is therefore
- Fi(v)= Flv)@ J{v)

where J(v) is the Fourier transform of the boxcar function B(6). It can be easily demon-
strated that, with appropriate normalization (for details see Bell, 1972),

i L
J) = sin(2rv L)
2rv L

= sine(27vl) (13)

10




in a shorthand notation.

2.3 Physical Interpretation

The impact of the sinc function on the ”ideal” spectrum F(v) is to smear out the fine
structure. That is, any spectral structure significantly sharper than the sinc function will
be lost. This is the definition of spectral resolution: the measure of the ability of the
spectrometer to produce the incoming spectrum. Another way of looking at convolution
is to imagine the sinc function as an averaging function. It is conventional to define the
resolution as the full width at half maximum. Most importantly the resolution is seen to

be inversely proportional to the maximum path difference.

A point not yet touched upon is the obvious fact that the sinc function shows nega-
tive peaks whose amplitudes dies out quite slowly. This turns out to be a problem only
if certain not strictly legitimate operations are performed on the output spectrum. It is.
however, possible to play numerical games with the interferogram that "dampout” the
oscillations. The procedure is called apodization, but there is a price for any such proce-
dure widens the central peak. Apodization always results in a loss of spectral resolution
and can in addition, introduce some undesirable "cross talk” into the spectrum which is
correlations between grid points. In the case of the Bruker 120 HR mstrument the side

wiggles of the sinc function cause only negligible oscillations in the spectrum.

2.4 Measuring Principle

The ground-based infrared spectrometer records spectra in the mid infrared by directly
looking into the sun or the moon, which requires cloud free observation conditions. The
homosphere or lower atmosphere from ground up to 100 km altitude contains more than
99 %ﬂof all atmospheric molecules. These molecules are overwhelmingly in their ground
states, but have typically a fair number of unoccupied excited rotational and vibrational
states that can be occupied by absorbing discrete energy amounts that are determined

by their molecular specroscopic properties. These energies typically correspond to pho-

ton energies found in the infrared (Herzberg, 1943, Bauman, 1962). Thus, each molecular

11




species leaves a characteristic fingerprint of absorption lines in the solar spectrum recorded

from ground, by which it can be detected and identified.

The energy taken up by the molecules is mostly transfered into heat, when returning
to ground state. The strength of an absorption feature increases almost linearly over a
wide range with the total number of molecules in the optical line of sight and is thus a
measure for the total number of molecules. The analysis of the spectra is performed by
comparing it to a computer simulated model atmosphere with absorption features cal-
culated from spectroscopic data base such as HITRAN96 (Rothman et al., 1996). The
results reported are total column amounts, which are the total number of molecules above
the observer for a given species over an area of 1 ¢cm? for Zenith geometry (integration
over altitude across the atmosphere along an earth radial path) an example of which is

found in Adrian et al., (1991, 1992).

12




3 Radiative Transfer Theory

3.1 Radiative Transfer Equation

Radiative transfer is a theory that permits the quantification of the signal received at the
input to the remote sensor in terms of a parameter called radiance. At a given point in
the media, the change in this parameter 7, (given in units of W/(cm? st cm™)) as a wave

transverses a distance ds along the direction of propagation is given by
df,\ = —k,\pIAdS (19)

where p 1s the density of the material [kg/cm?®], and %, represents the mass extinction
cross section for radiation of wavelength A (in units of cm?/kg). Additional energy may
arise due to thermal emission and multiple scattering from other directions at the same

wavelength. This can be given by
dly = Japds (20)
where 7\ is defined as the source function coefficent. Upon defining the source function

Ty as Jy = kl:» and combining Eqs. (19) and (20) give

dl
kypds

= =1\ + Jy. (21)

For spherical and nonhomogeneous atmospheric layer, the optical path ds is related to
the radial position vector in spherical coordinate system through the Snell’s law of re-
fraction. Consider the following model layers of the atmosphere with the z— axis is in
the upward direction. We also assume the atmosphere is homogeneous within the layers
under consideration so that the optical path and the radial position vector coincides (no
refraction} for the sake of simplicity and clarity. If @ is the zenith angle then a differential

layer of the atmosphere along line of sight can be given as

_ dz
cos(f)
Consequently, (21) has the form
di(z,0,4) ‘
COS(H)W - *'I(.,,G,QS)*{P J(":g) qb) (‘22)

13




[t is quite common to refer to the medium elementary optical thickness along the vertical

direction which is measured from the outer boundary downward and defined as

T,\:/ kypdz'.

Then we note that dr = —kypdz and (22) becomes
dI ,
g (730,8) = I(7; 4, 8) = I (73 1, 0),

where p =cos(#). Suppose a radiation detector on the surface of the earth looks upward
along the radial vector at a zenith angle 8 . Then the incoming rays of the radiation will

make angle of 7 + 8. Hence, cos(d + 7} is negative leading to

dl
ﬁ#E(T;_f‘a(ﬁ) = I(T;—-p,} tﬁ) - J(T:ﬁfl‘a ¢) (23)

Now multiplying both sides of (23) by e”» and integrating over 7 gives
, \ _z i . =y d7!
I(ri o) = 10— d)e s + | J(7'5~po0)e # R
o ,
where I(0; — s, 4) is inward source intensity at the top surface of the atmosphere. J(0; —p, ¢)

is the source function which depends on both scattering and thermal emission:

o

J(r'i—p.0) = (1 - w)B{y,T(v")) + f Hy, 7' W) Py w,w')do,

4 Sy,

where B(v, T(r')) is the Planck function at temperature 7'(+’) and @ is a single scattering
albedo, the ratio of the scattering coeflicient to the total extinction coeflicient. More
details on the topic can be found in Chandrasekhar (1960), Liou (1980), Goody and
Young (1989), Lenoble (1985) and Kyle (1993). Measurements of absorption of solar (or
other) radiation by atmospheric gases is described by the first term on the right hand
side, where I(0; —u, &) is the solar (or other) radiance at the top of the atmosphere. The
instrument mentioned in Section 2.1 measures the absorption of solar (or lunar) radiation.

Therefore, the appropriate term in the radiative transfer equation is the first term:

I(ry—p, 6) = 1{0; —pu, p)e b, (24)

In this case, /{0: —p. 0} is the Planck function of the source which for the case at hand
refers to the sun. Upon dividing both sides of (24) by the Planck function gives the

fraction of the solar radiation detected by the spectrometer after being attenuated by

14




atmospheric gases along the line of sight. Hence, one can also use transmission model

is the total transmission between the

-SR]

equally well to describe the measurement. e
points corresponding to optical paths 7 = 0, the top of the atmosphere, and 7 = 7, at the
site of the spectrometer. The radiative transfer model in terms of total transmission has

the form

We then note that for attenuation of radiation between arbitrary atmospheric layers

bounded by s, and s:

I(T) = B(T}) / ’ %ds’ (25)

where now 7 is the total transmission after being attenuated by gases within layers
bounded by s’ and s’ + ds’. This is a general model for which explicit functional form
of 7 is not given, however, recalling the definition for optical thickness, the transmission

can be expressed as a function of s:

T(v.s) = ea:p[— /3 k(v, 3’)p(s')ds']

p(s) = k%‘;%s—) = number density,

p(s} = pressure,
T(s) = temperature, and
kP = Boltzmann constant.

As there are many absorbers along the optical path, the absorption cross section is

weighted and given by
M

k(v,s) = Z K (v 8)ym ()

m=1}

where y,.(s) and 4y, (v, s) stand, respectively, for volume mixing ratio (vmr) and absorp-
tion cross sections of the species m of the total number M of different molecular species
that absorb in the spectral region under consideration. (24) can now be written as

~ |7 A vV ym pls"} s
I{vys) = I{v,s,)e Joo oy bm{veshym L (35" (26)




Furthermore, as the molecular species m may have several transitions which have differ-
ent temperature and pressure dependence, the absorption cross section of one molecular
species 1 as a function of temperature and pressure is given by the following sum over
all lines of the species (see for more detail treatment e.g. Sparks (1997)):

lines

A V T,P Z 9m l’ gmf = Vi T, p) (27)

where

Smi(T) = line strength of line { of species m ;

Vmg = central wavenumber of line { of species m and
gm. = line profile (line shape) .

The line strength is calculated using the formula

7
hevyn g

Qn() 7|~ 1 - con|
Qm(T) erp[h—cﬂ‘o'] 1 - emp[—@’”‘—"]

Sm,l(T) = Sm,I(To)
kBT,

with
Sma{T,) = line strength at reference temperature T,.

@m = total internal partition function given at both reference temperature 7, and at

temperature 7T,

it

m. = lower state energy of the transition,

h = Planck’s constant and

¢ = speed of light in vacuum.

For most of the conditions encountered in IR spectroscopy of the atmosphere, the actual
line profile is the Voigt function which is the convolntion of Lorentz and Doppler profiles

and reduces to these functions in appropriate limits. It is given as:

/ ln
gv.f = — / az I _ t) dt (29)
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where a = 2L /In(2) ; x = (%@1) n(2).

The Doppler profile is given by

n2 1 (v — vmy)?
D ,
GtV =, T) = —H—ag—’!exp [—ln?—aﬁ

with the half width at half maximum (HWHM) of the line ap = Vg /(21712% where

M, = molecular mass of species m.

The Lorentz function is

L

Qm,[

1

L

9 U'_Vm.th = =

J( p) T Q#‘l2 + ([} . Vm’1)2

and the Lorentzian HWHM is

ap =0 =
m,f m.lpo T
with
a#‘:, = Lorentzian half width at reference temperature 7, and pressure p,,
Ym.t = coefficient of temperature dependence of the half width.

[n general the integral with respect to s can not be solved analytically. The radiation path
is usually broken up into homogeneous steps, i.e., where (v, s) and p(s) are independent
of s, and the integral is replaced by a sum thereby rendering the problem to be handled

by numerical methods on computers.

Finally, having determined all the necessary parameters in (26) through Egs. (27) - (29)
and the line of sight (which is given by the viewing direction and the distribution of
the refractive index in the atmosphere), the model evaluates the monochromatic radi-
ance explicitly after being convolved with instrumental line shape (AILS, as given by
(18)) to include the physical constraint of the spectrometer. Such a model is known as
the "line-by-line” model. There are many codes developed for this type of model (e.g.

Mankin, 1979, Edwards, 1987, Sparks, 1997) and we have used FASCOD?2 (Clough, 1986).
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In this particular studies the description of forward model of the radiative transfer is
quite important since the spectra, that have been used to calculate the numeric Jacobian,
and the synthetic spectra, that have been used as a measured spectra for test retrievals

we require later in the sections to follow, are generated hased on this model.

3.2 The Retrieval Procedures

The theoretical model describes the system through a set of parameters so that the re-
trieval procedure consists of the search of the set of values of the parameters that produce
the "best” simulation of the observations. The most commonly adopted criterion to ac-
complish the objective is the minimisation of the merit function (generally defined as the
squared summation of the difference between observations and simulations) with respect
to the value of the parameters. This criterion is generally known as least squares fit
(LSF). When the forward model does not depend linearly on the unknown parameters
then the problem of retrieval is that of non-linear least squares fit (NLSF), which can not

be solved directly by using a solution formula, so that an iterative procedure must be used.

NLSF derives atmospheric parameters from iterative comparison of a measured spectrum
with the related synthetic spectrum. Application of NLSF technique to high resolution
spectra requires line-by-line spectral synthesis calculations. Given a set of N observed ra-
diances &y, 3, ..., zx for which the above model is accurate, an estimate of the particular
conditions that produced the spectrum can be obtained by matching it with a synthetic

spectrum calculated using this model.

It is quite obvious that as the most practical convergence criterion is the simple one
of a limit on the number of times a synthetic spectrum is calculated, each such calcu-
lation takes much of computer time and the situation being worse when one analyzes a
large number of spectral grid points. To avercome such difficulty, there are several opti-
mization schemes developed. We adopted the Levenberg-Marquardt method, Marquardt
(1963) has developed an elegant method following an earlier suggestion of Levenberg

(1944). Next, we show the basics of nonlinear least squares analysis followed by concepts
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on which basis the Levenberg- Marquardt method is developed.

Any function f in a multidimensional coordinate system can be approximated by Taylor

series

Yy = f(Yo)+ Z

where ¢ = f(Y,) , b=— flY, and H;; = %5%

Following (30), the gradient of f is easily calculated as

which yields
HY =b (31)

at an extremum.

It is not uncommon to choose merit function that measures the agreement between the
data and the model with a particular choice of parameters. Towards this end, we can
define R to be such a merit function which is well approximated by (30) at sufficiently
close to the minimum. Suppose yq is initial guess and y..;, is the value at which merit
function is minimum then
R(Y,)=HY, -} (32)
and at minimum
HYin = b (33)
as given in (31). Upon subtracting (33) from (32) and multiplying by the inverse Hessian
matrix H~! gives
Yoin = Y, + H7'[= ¥ R(Y,)). (34)
On the other hand, (30) might be a poor local approximation to the shape of the function
at X,. In that case, about all we can do is take step down the gradient, as in the steepest

descent method (sce, e.g. Press et al, 1990):
Yiest = Yo — const x G R(Y)) (35)
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where the const is small enough not to exhaust the downhill direction.

Up to now, we have approximated the merit function by quadratic and devised a means
of approaching the minimum. Now, we are in a position to use either (34) or (35) in case
(34} fails, however, we must be able to compute the gradient of R at any set of parameters
Y. We also neéd the matrix H to use (34). Indeed, these tasks are much simpler as we
know exactly the form of R since it is based on a model function that we ourselves have
specified. Proceeding further, let y represent all the model parameters whose values for z;
are unknown, and let y’ represent all the parameters whose values are known. The least
squares estimates y for values of the unknown parameters corresponding to z; are defined

to be those values which minimize

N

R(y) = > [oi = I '3 y))

=1

The gradient of R with respect to the parameters y. which will be zero at the & mininni,

has components

oKk N ol(vi, ¥ y)
= ==2 zi — Iy y)|—=2022L k=1,2,.. M.
™ ;l (vi. 9" )] Byt

Taking additional partial derivatives gives

R N A (v, y'sy) 01 (i, y'5 y) Pl(vi,y'y)
=9 7 (g (v )] e
Ay Z[ Ay M = SOEALY iy

=1

It is convenient to remove the factors of 2 by defining

1R
FHh=—=——
2 Jy,
and —
1 3*R
ay = = :
M 2 Bykay,
Making [a] = 3H in (34), in terms of which that equation can be written as the set of
linear equations:
M
Z andyr = Br. (36)
=1
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This set is solved for the increments §y; that, are added to the current approximation, to

give the next approximation. The steepest descent formula, translates to
by = const x f;. (37)

The second derivative of the basis function in the Hessian matrix is often ignored mainly
due to the fact that the factor multiplying this derivative can be taken as the random
measurement error of each point for a successful model which at end add up to zero be-

cause of equal chance of being positive or negative over all observations.

We have seen that in the search for globa) minimum, one can switch to and from the
two methods depending on whether the quadratic approximation is a poor local approxi-
mation or not. The Levenberg-Marquardt method devises combined optimum use of the

two extremes based on two elementary, but important, insights.

The line of reasoning followed was that the quantity R is nondimensional which is evident
from its definition. Besides, 3 has the dimension of ;—k, which may well be dimensional so
that the constant of proportionality between Br and Syr must therefore have the dimen-
sion of y,2. As a result i;, the reciprocal of the diagonal element of the Hessian matrix,

is the only candidate to set the scale of the constant in (37). This leads to

1
Sar= | —f, (38)
ay

where ) is introduced to take care of the size of the scale which can be set to any desired

value to cut down the steps.

Marquardt’s second insight is that Egs. (38) and (36) can be combined if we define a
new matrix af by
ofjj = aj(l+ )

aljp = a;() £ k)

and then replace both Egs. (36) and (38) by
M

ZQIH&I[ = ﬁk. (39)

{=1
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Then, (39) switches to (38) for very large A as the new matrix o/ is forced to be diagonally
dominant and to (36) for A approaching zero. Thus, the method enables to come to

convergence in a few iterations upon setting up a suitable algorithm.
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4 Microwindow Selection

4.1 General Theory of Error Assessement

The model developed for the forward radiative transfer has to be used for inferences of
the parameters from radiance observations. This is done by fitting the data to the model
until the solution is found to be nearly unique by adjusting the parameters since one can

arrive at different results only because of different initial guesses.

However, there are important issues that go beyond the mere finding of the best-fit pa-
rameters. Data are generally not exact. They are subjected to measurement errors called
noise. Thus, typical data never exactly fit the model that is being used, even when the
model is correct. We also need to assess whether or not the model is appropriate. Most
important of all, we need to know the accuracy with which parameters are determined by
the observations. In other words, we would like to quantify the propagation of random
measurement noise to the derived parameters which can be done by error analysis method.
In this section, a brief description of general theory of error analysis is presented and then

the next section will explain how it has been adopted to microwindow optimization.

The forward radiative transfer model (25) is a model that involves many observables
(as far as the radiance value at different grid points is considered, see the next section)
and parameters. Therefore, it is a multivariate problem that requires multivariate error

analysis.

The concept of variance and covariance is the core of multivariate error analyis. The
covariance in the context of error analyis is a measure of how much of the errors in two

quantities are correlated.

Consider the full set of n parameters vy, ys, ..., y, that are overdetermined by the m ob-
servables x1, z2,... 2 i.e. m > n for which the principle of least squares estimate will have
to be used to obtain the least variance estimates of the parameters. The principle of least

squares states that it is the weighted sum of the differences that must be minimized to
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obtain the best estimates of the parameters. Both for the error analysis and for the least
squares or other parameters fitting calculations, weight must be assigned in advance to
the observables which should be inversely proportional to the variances. Thus, the appro-
priate weighting method is to divide each element in the sum by a number proportional
to the variance of the observables from which it was calculated. Let wy; be the weight

corresponding to the observable z;, then

o2
W, =
it 0'2(.’!7,) 3
where o? is a constant: the variance of an observable of unit weight. The sum to be

minimized in the least squares calculation is then
m
S = Zfz(;r,-)wﬁ
=1
where, ¢ is given by
e(x;) = xi(observed) — z;(calculated).
It is given in matrix notation by

S=FETWE

where F s a column matrix of the differences:

€(Zm)

and W, the weight matrix for uncorrelated observables, which is given by

S 0 0
a{zy)
1
W = o? 0 Sy
0 0 B .

{zm)®
Thus, for uncorrelated observables, the weight matrix is inversely proportional to the

variance-covariance matrix, Sy, through (see, e.g. Cliflord, 1973):
W =g?3,"
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By extension, the weight matrix for correlated variables is defined also as the inverse of
the variance-covariance matrix; and thus given by the same equation but this time S,™!

is no more diagonal matrix.

The equations for linear least squares are first obtained and then extended to nonlin-

ear model. In former case, the observables depend linearly on the parameters as:
X(calculated) = AY.

If Y is column matrix of parameters which are the best estimates obtained using the

principle of least squares, then

E=X-AY

which yields
S = (X - AY)TW(X — AY).

For a minimum value of §, gff must be zero for all values of i:
t

—Zﬁ =(X — AY)TW(—A,-) + (mét,-)TI-i-'(X —AY)=0 (i=1.2, ey 1)
Yi

where A; is a column matrix which is the i colummn of A. This leads to
ATWAY = ATWX (40)

which is the normal equation in matrix form.

For situations where the dependence of X and Y is not linear, least squares refinement
must be applied. The calculation starts from initial guesses of the parameters which will
be designated by ¥. From these values the calculated observables, X, are obtained. If we
define é matrices by

§X = X - X,

and

<

§Y =Y -




where X are the measured values of the observables and Y are the best estimates of
parameters. We now assume that §X and Y are small enough so that the relation
between them is approximately linear and the linear least squares equation given by (40)
can be used to find §Y from 6X. The elements of A will now be g—;‘. The equations for

obtaining the refinements are as follows:
§Y = (ATWAY TATWES X (41)

where W is the weight matrix. Here, we can notice that this equation is identical to (39).
As we will realize soon, this is the basic reason as to why both approaches should yield

the same results in principle.

This 1s being the case for linear least square estimate of the parameters, we will use
it to derive a general expression for the variance-covariance matrix of the parameters.
We must imagine that the complete set of observations is made a very large number, .V,
times and that on the ¢** occasion, parameters Y; are obtained by some methods based on
the principle of least squares. Then if ¥ are the mean values of the parameters obtained
after the N observations and é¥; = ¥; - ¥ then the variance-covariance matrix, Sy, of the

parameters will be given by
N
1 T .
Sy = v 2_1 8Yi8Y; (42)

We make the usual assumption that §.X; and &§¥; are linearly related over the range of the

errors, in which case §Y can be expressed by equations of the form of (41)
8Y; = (ATWA) T ATWS X,

Thus, from Egs. (41) and (42) as well as from the fact that the matrices W and (ATW A)~!

are symmetric, S, is given by
1 &
= — T/ 1 AaTure v sv Ty T -1
Sy N -E_I(A WA)T AT WX 6X, WA(A" W A)

= (ATWAY AT S, W A(ATW A) . (13)

4.2 Adaptation to Microwindow Optimization

Spectra recorded with ground-based instruments as described in Section 2.1 are obtained

at zenith angles less than 90°. Observations at such geometry provide much poorer ver-
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tical resolution than can be obtained by recording a sequence of observations at zenith
angles greater than 90° from an elevated instrument. In principle there are some eflects
that can be used to derive altitude information from ground-based spectra example of
which is the pressure-broadening of the spectral lines. This effect is used for instance
by Stiller et al. (1995) for the retrieval of tropospheric and stratospheric partitioning of
HCL from ground-based MIPAS FTIR spectra; by Hoell et al. {1980) to deduce vertical
profiles of NHj in the troposphere from infrared heterodyne measurement of a single NH;
line at 927.323 cm™', by Rinsland et al. (1982) and Goldman et al. (1983) for analysis
of ground-based Fourier transform solar spectra with NLSF method. However, there is
only limitted success story as only the general shape of the vertical distribution (e.g..
peaked, uniform, sloped) could be deduced from the observed features. Often, a number
of realistic vertical distributions were found to fit the spectra almost equally well. For
example Goldman et al. (1986) noted little sensitivity to the tropospheric HCI profile,
even when HCI features in several different zenith angle scans were fitted simultaneously
and this was also noted by Stiller et al. (1995) in their investigation of the retrieval of
tropospheric and stratospheric partitioning of HCI from ground-based MIPAS FTIR spec-
tra. These and other works in the field confirmed that a well deﬁned quantity that can be
retrieved even when the details of the vertical profile can not be determined is the total
gas column amount. In light of this, the error analysis method we will be adopting for

optimum microwindow selection is targeted in the retrieval error of total column amounts.

As noted earlier, a certain combination of consecutive spectral grid points forms a mi-
crowindow. From this follows that optimum microwindow is a spectral interval consisting
of grid points selected by minimizing the retrieval error §y; of target quantity y,. In most
cases, the absorption feature of the target gas is blended with that of other interfering
species for which we may require simultaneous fitting for deriving information about the
target gas. As a result, the retrieval problem is not only a target quantity retrieval prob-
lem but also that of quantities related to major interfering species. Clarmann and Echle
(1997) argued along this line of concept that even in the case of one target parameter the

number of formal fit parameters usually exceeds one.
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Suppose, the total column amounts of the n major interfering gases are sought to be

retrieved in the spectral interval represented by m grid points. Let these quantities are

(yl\

2

given by a column vector

Yi

Lo/
of which y; is the target quantity. The measurement from which information is to be
derived is represented by radiance values at each grid points which form coluiun vectors
of measurement or measurement vectors as Rodgers (1997) calls it. Therefore, the co-
variance matrix of the measurement S, has a dimension of (m x m). It is also obvious
that the transformation matrix A in the case of linear model and assumed to comprise
elements g'—; in the case of nonlinear model becomes a matrix of dimension {m x n) which
is often referred to as Jacobian matrix. This formulation enables us to make use of (43)
for the estimate of the random retrieval error for which the covariance matrix of the mea-
surement S, contains the squares of the noise equivalent spectral radiances (NESR) of
each grid point as diagonal elements. The off-diagonal elements sometimes differ from
zero, because in Fourier spectroscopy the signals at adjacent spectral grid points are cor-

related due to oversampling as well as apodization and non-ideal instrumental lne shapes.

When the fit parameters are overdetermined there are two methods of obtaining their
standard deviations: either by propagation from the errors in the observables as in our
case since we assumed that the standard deviations and correlation coefficients of the
observables are known in advance, or by calculation from the sum of the squares of the
_differences. The weight matrix used is then the inverse of the variance-covariance matrix

and o2 = 1. The random retrieval error given by (43) will now be
Sy = (ATA) AT S, A(AT 4) 1,

Moreover, the noise is assumed to be the same at each spectral grid point. From this

follows that the problem of propagating errors becomes one of calculating the variance-
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covariance matrix of the parameters from that of observations. The procedure used there-
fore, is first to set up the variance-covariance matrix of the observables, the diagonal ele-
ments being the variance of the observables which must be assigned values in advance of
the calculation (from other consideration). The off-diagonal elements are the covariances
which will be zero if, as in our case, both of the following conditions are satisfied: (a)
apodization for smoothing and mathematical filtering of the interferograms has not been

applied and (b) the sampling is at Nyquist frequency.

If in the general case AILS is the normalized instrumental line shape of the instrument
in the spectral domain and NESR is the noise equivalent spectral radiance of the un-
apodized spectrum then the element S;; of the measurement covariance matrix S, can

be determined by linear convolution of the instrumental line shapes:
Si.j = JVESRZ * Z AILSL- X AIL-Sk_abs(iuj).
k

However, since in our case the sampling interval and the resolution of the interferometer
is chosen to be the same, there is no correlations due to convolution process. Hence, the

elements of measurement covariance matrix Sz can be calculated as

NESR? ifi=j

0 otherwise.
There might also be other model parameters which are kept constant during inversion;
as a consequence of which there will be some systematic errors in the derived parameters
that are in linear approximation directly proportional to the a priori uncertainities of the
former. These are estimated as follows. The retrieval errors 6y;; of the fit parameter y;

due to the error source j can be linearly approximated by (41) as

oY1,
_ = (ATAYT AT (X errors — Xirue) (44)
Oyn.j
where X, is a synthetic spectrum generated as a reference forward calculation, while
Xerror,j 18 @ spectrum generated by the same type of calculation but with the 7™ input

parameter perturbed by one standard deviation. In situation when the sensitivity to the

changes in these parameters by one standard deviation is significantly low it is possible to

29




use a suitable increment in the parameters and then to rescale by the corresponding a pri-
ori uncertainities. Typical systematic errors to be handled by this formalism as suggested
by Clarmann and Echle (1997) are errors due to temperature uncertainties in case of trace
gas retrievals, errors due to inaccurate pointing of the instrument, errors due to wrong
assumptions on abundances of species which contribute to the signal in the microwindow

and which are not fit parameters but kept constant.

The systematic nature of these types of retrieval errors lead to the following covariance

matrix, Si;, representing the retrieval errors due to error source j

Sy o Sy
Si; =

5yk,j5y1.j T 6yk,j2

Now, representing the random errors in a priori information that are not correlated by
dyij, 7 running from one to the number j,... of uncorrelated systematic errors under
consideration, the final estimated retrieval error §y; of the target quantity y; is calculated

as

Jmar

by = ot + Z (6y,~‘j)2. (45)
=1

The retrieval error decreases when the microwindow becomes wider since more infor-
mation on the target species is added. However, if the width exceeds some optimum
value, the systematic errors as a result of inclusion of signal of interfering species hav-
ing high a priori uncertainities may begin to increase. Thus, there has to be a trade off
between different error sources. This can be done with suitable software which searchs
for a combination of consecutive spectral grid points that yields the minimum possible

retrieval error following the implementation given by the next sectjon.
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4.3 Computational Methodology

The procedure hereafter is to evalute a nominal spectrum X, of dimension »r for Ll
spectral region under investigation along with increment spectra for all parameters whose
effects are to be considered for the selection of the microwindows. The nominal spectrnm
is generated for model atmosphere consisting of 43 level values of pressure, Lemperature,
and vmr of 17 target species from ground to an altitude of 70 kin under local thor-
modynamic equilibrium (LTE) which were synthesised from radiosoude data and other
independent methods for chemically unperturbed polar winter condition (Kehle ol al,

1992). Additional description of the type of profile used for individual gas is given in

Section 5.1, Besides, the spectra for the 21 parameters X; are calculated under Lhe same
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Figure 2: The volume mixing ratio of the larget gases as a function of altitudc,

ple, the Jacobian matrix must be evaluted at the best estimate profile obtained from the
final cycle of the nonlinear least squares refinement procedure. However, this has been
bypassed by assuming realistic profile which we often call it as relerence profile. Asiceon

sequence, results obtained here refer to climatological conditions rather than individual
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measurements. Having S,, 4, X,, and X;, the retrieval error can be estimated for each

microwindow [my,my) ¢ [1,m), where m, and myq denote the boundary of the microwindow.

In order to avoid an underdetermined inversion problem, the minimum number of in-
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Figure 3: The Reference Temperature-Pressure profile used for the model atmeo-
sphere,

dependent grid points to start with must be equal to the number of it paramcters 1 as
a result of which the first guess microwindow [mq, my] is set up as my = | and iy = 5,
The total retrieval error of the target parameter is estimated by means of (45). Then,
‘m; is increased until a local minimum of the retrieval CITOT 8Y; min is achieved, A lurlher
growth of my would lead to an increased total error because the systematic portion of L

error would begin to overcompensate the gain of information by inclusion of additional

grid points.

A new guess microwindow is set up where the right microwindow boundary is relited

to the local minimum of the retrieval error, The current guess lefi boundary of the nii.




crowindow is initialized as mg — n + 1, and decreased in steps of one until the estimatoed
retrieval error is minimized. Boundaries of the first microwindow having been determined,
further microwindows are defined in a similar manner, starting one grid point apart from

the right boundary of the first microwindow.

To prevent extensive splitting of microwindows which often arises due Lo & negligible

transition of very low intensity of interfering species whose abundance is unknown, a

parameter [ Standard [ parameter | Standard |
deviation(%) deviation(%)
H,0 10 jj HCN 25
CO, 1§ C;H, 10
O3 5 I CoHg 10
NH; 15 {| COF, 25
HNO;3 10 || CCl,F, 20
CIONOQ, 25 | CClLF 20
HNO, 30 || CCly 20
ClO 50 || CHF,Cl 20
OCS 15 |

Table 1: A priori uncertainty considered for each target species,
8¥i,min 1s Teached by increasing ms, this value and corresponding value of m, is stored
while continuing to increase the right boundary. If the jmmediate microwindow has tolal
retrieval error which differs from the previous by more than ¢ then there will be no fur-
ther increase of m; and thus the microwindow will be defined with Lhe previous tiy as a
_boarder, This means that the increase in the total retrieval error is due to non-uegligible
transition of interfering species and hence it must be taken into account. IT the other op-
tion is satisfied then an increment in the error due to inclusion of one grid point may he
accounted as allowance given to error fluctuation so that searching for the right boundary

will proceed further until the current total error exceeds the previous by more than c.

An a priori standard deviation of the column amounts considered for all the pases is

indicated in Table 1. The standard deviation assumed is 1| % lor pressure, 0.03 @ for
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angle of observation, 2 ® Kelvin for both tropospheric and stratospheric temperatures
while the increment for the forward model calculation is 0.1 * for angle of observation,
0.5 % for pressure, 0.5° and 2 ° Kelvin for stratospheric and tropospheric temperatures in
that order. The residual spectra should have been evaluated from nominal spectrum and
increment spectra obtained at an increment of one standard deviation of the vmr for each
species. But, this is not the case mainly due to the weak sensitivity of the absorption
to an increment of one standard deviation for some species leading to singular Jacobian
matrix. Therefore, the reference profiles are perturbed at increment of 10 % to simulate
increment spectra and then the residual spectrum, Xerrorj — Xtrue, 0 (44) is scaled to

assumed uncertainity by:

e

X . X _ Xincrement - ‘Xrefcrence
EFror,) true — .
increment

* uncertainty.

The volume mixing ratios of the target species and temperature-pressure profile for the

model atmosphere used in this work are given in Figs. 2 and 3.
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5 Results and Validation

5.1 Results

We have investigated seventeen target species for which retrieval of column amount in the
mid IR spectrum region (700.0-995.8 cm™!) is assumed for two cases. We defined the first
of these cases such that uncertainities in pressure and temperature (PT) as well as angle
of sight (AOS) are taken into account in the microwindow optimization. This test case
henceforth is referred to as PTAQS, and resulting microwindows are called PTAOS mi-
crowindows. For the second test case pressure. temperature and angle of sight have been
assumed to be exactly known, and related retrieval errors therefore have been neglected
during microwindow optimization. This test case is henceforth referred to as non-PTAOS.

and resulting microwindows are called non-PTAOS microwindows.

The motivation to define two cases is mainly for the following reasons. The reason for
PTAOS test case is entirely linked to the fact that the purpose of selection of optimized
microwindows is to retrieve information from analysis of measured spectrum in this re-
gion about the target parameters with best possible precision by avoiding interference
from other parameters known with ver'y low accuracy. Hence, as many uncertain model
parameters as possible have to be included in the selection of the microwindows in order
to make results applicable to realistic scenarios. The reason for the second test case is
mainly to compare the optimised microwindows with already existing ones. These latter
ones were selected by experienced spectroscopists based on qualitative estimation of such
effects as: interference by other absorbing gases in the spectral interval, temperature de-
pendence of absorption lines of target species (but usually not the interfering ones) and
accurate pointing of the instrument. In most cases, these spectral regions are assumed
to be regions of less interference and weak temperature dependence (Toon et al., 1989,
Brown et al., 1992 and references therein, Reisinger-et al., 1995). As shown later, the
non-PTAOS microwindows are better comparable to the microwindows defined by con-

ventional methodology.




5.1.1 PTAOS Microwindows

PTAOS microwindows are microwindows optimized with respect to a priori uncertainities
of pressure, temperature, angle of sight and minor interfering gases as well as the random
retrieval error of target gas for which suitable microwindows are sought and its correlation
with the retrieval errors of major interfering gases. Major interfering gases are gases whose
interferences are such strong that they are jointly fitted along with the target parameter
instead of being kept constant. Minor interfering species are species causing such weak
interferences that their a priori uncertainities can be accepted. Abundances of these gases
have been assumed to be constant during fitting process. These gases are considered as

contributor to systematic portion of the error budget of the retrieval scenario.

Additional parameters such as zero level offset, background level and frequency shift are
assumed to be known exactly. These parameters appear neither as joint fit parameters
nor as source of systematic error. Furtherniore, spectroscopic data were assumed to be
perfectly known for both target and interfering species. i.e. uncertainities of these quan-

tities are not considered for the microwindow selection.

Before defining a scenario, identification of major and minor interfering species with the
signal of the target gas is made from preliminary analysis of residual spectra obtained
from nominal and increment spectra. As described in the last section, the increment
spectra are generated after perturbining the reference profile by 10 % of vmr of the target

gas for all species investigated.

Following the selection, we have checked the presence and the number of transition lines
and their corresponding line parameters within and in the neighbourhood of 40.05 cm™!
of the right and left boundaries of microwindow respectively. In all the cases with the
exception of where explicit reference is made, there are quite a large number of transition

lines and the list of strong absorption line along with its paramneters are included (see

Table 3).

The profiles used for simulation are all discussed in detail in a final report on measurements

of atmospheric parameters with MIPAS by Echle et al., (1992). With this understand-

36




ing, from now onwards we will only mention the profiles used and changes made (if any)
without further mention of the sources. While only the best microwindows are discussed

in the following, a more complete list is found in the Appendix.

Acetylene (C;H,)

Acetylene is grouped as light hydrocarbons. Its source is purely at the earth’s surface
but due to its long life time in the troposphere, it is found to reach the stratosphere by
atmospheric dynamics. Model calculations and measurements of C:H; provide a wide
range of vmr (Echle et al., 1992 and references therein). We took the mean of maximum
and minimum profiles to represent C,H, profile under the normal polar winter model

atmosphere.

The preliminary investigation of the difference spectrum for C;H, as the target gas re-
vealed that H,0, CO; and O3 are the major interfering gases where as CyHg, CHF,CI,
HNOs, CCly, HCN, COF,, and CIONQ, are the species having relatively weak signal in
the regions of strong C;H; transitions. There are several microwindows of which we haye

reported only the first best 10 microwindows.

The first best two microwindows found do not include the spectral region which have
been considered suitable and used by most investigators {Meier et al., 1997). The first
microwindow has two absorption lines which have temperature dependence (E"=359 cm™!
and 1090 em™*) compared to microwindows (e.g 766.350-767.175 cm™!, reported by Meier
et al., (1997)) having the strongest absorption line whose temperature dependence is
E”=282 cm™!. We feel that there is no physical reason to expect similarity of the two
results as the selections were made entirely on different basis: however, such question like
why the first microwindow does not contain the strong absorption and weak temperature
dependent line of C3H; such as E”=282 cm™? (see Table 3) may be raised. The answer lies
in the fact that the major interfering species like CO, have relatively strong absorption
lines in the microwindow containing this line which are highly sensitive to temperature
change as compared to the best microwindow containing relatively weaker lines of C,H,

(Rothman et al., 1996).
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Spectral interval | Target gas | Major interfering species | Minor interfering species
cm™t (Fit parameters) (Fixed parameters}
700.0-830.0 } CO, H,0O HNOs;, NHg, CoH,,

CHF,Cl, CCly, HCN,
CIONQ,, COF,, CI0,
HNOy, O3, CyHg,
920.0-995.8 | CO, H,0 NH;, CClF,,
03, COF,
858.5-887.0 | NH3 H,0, HNOg, CoH,, CoHg, CHF,CI,
0CS, CCl,F, HCN, CIONO,, COF,,
| CCly, CIO
885.5-920.0 | NH; H,0, HNO3, CyHa, CaHg, CHF, (I,
CClyF, HCN, CIONO;, COF,,
CClL, C10
918.5-930.0 | NH; H,0, HNOg, CoH,, C3Hg, CHF;CI,
CO, HCXN, CIONO,, COF,,
CCl, CIO
928.5-970.0 | NH; H,0, CO, C,H,, C;Hg, CHF,CI,
HCN, CIONO,, COF,,
CCly, C10
968.5-995.8 { NH; H,0, O3, C,H;, CyHe, CHF,CL,
CO, HCN, CIONO,, COF,,
CCly, C10
558.5-870.0 | HNO3 C0,, H,0. CyHg, NHs
0cCs
887.5-920.0 § HNO, H,0, CCl,F, C2Hg, NH3
750.0-820.0 | CIONQ, H,0, O3, CyH,, CoHg, CHF,CI,
CO, HCN, NHj3, COF,,
C10, CCl, HNOsg,
HNO,4
838.5-860.0 | OCS H,0, HNO3, NHs, CyHg,
CClF Cl0, CHF,Ct
858.5-889.0 | OCS H,0, HNO3, NHs, CoHsg,
CClyF, Ci0, CHF,Cl

Table 2: A list of scenarios under which the reported optimized microwindows are found.
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Spectral interval | Target gas | Major interfering species | Minor interfering species
cm™! {Fit parameters) (Fixed parameters)
710.0-800.0 } HCN H,0, 0, C,H4, CoHg, CHF,CI,

CO, COF,, NHa,
CClyg, HNO3
705.0-800.0 | C;H, H,0, O, C2He,CHF,CI, CCly,
CO, HNOj3, CIONO,,
COF,, HCN
770.0-831.0 | CoHg CO, H,0, HNOj3, NHa,,
CClzF, CCl,F,, CoH,,
0CS, CCly, CHF,CI,
HNOy4, COF,, CIONO,,
HCN, CIO
829.0-860.0 | C,Hg 0CS, CCIzF H,0, HNO3, NHa,
CClpF,, CoH,, CHF,CY,
CCly, CO,, HCN
HNOQO,, COF;, CIONOQ,,
Cl10
785.0-807.0 | CCL, H,0, CO,, 03, CoHg, HNO3,
NHj HCN, HNQy4, COFy,
CoH2.CHF,CI, CIONOQ,
830.0-860.0 | CClzF H,0, HNO3;, NHs. CoHg,CHF,CI,
0CS ClO
888.5-937.0 § CClFy H,O0,HNO; NHj. CO,, C;Hg,
COF,, C10
780.0-830.0 | CHF,Cl H,Q, CO, CoHg, NH3, CyH,,
CClL;, HCN, CIONO,,
ClO, COF,, HNQy
818.5-850.0 | C10 H,0, OCS C;Hg, NH3, CHF,CI,
CIONQ,, CCIzF
848.5-885.0 | C1Q H,0, OCS CyHg, NHj, CClLF,,
HNOj;, CCI3F
935.0-960.0 | COF, H,0. CO, NHy
800.0-805.0 { HNQy H,0. CQ,, NHs, CyHg, CI10,
CCly, CHF,CI CIONO,,COF,

Table 2 (continued).
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Chemical Microwindow Strongest Intensity E” Yair o Retrieval
species em™! Absorption | em/molec. in in of Error
line em~! | em~/atm | yair in %
CoHo 771.2853-771.6015 771.405 3.33E-19 359 0.0698 | 0.75 2.94
CoHq 759.3538-759.7287 759.695 1.89E-19 183 0.0803 | 0.75 4.23
C,H- 766.4224-766.7412 766.724 4.31E-19 282 0.0724 | 0.75 4.39
CoHo 761.5494-762.0517 762.039 5.27E-19 214 0.0798 | 0.75 4.70
CsH, 763.9770-764.5125 764.382 1.60E-19 247 0.0761 | 0.75 5.24
C,H, 775.8345-776.0997 776.081 2.43E-19 446 0.0702 | 0.75 6.09
C.H, 754.9041-755.1999 75H.005 2.10E-19 129 0.0814 | 0.75 8.34
C.H, 780.5316-780.7662 780.752 1.67TE-19 543 0.0649 | 0.75 8.80
C2H, 785.2236-785.6163 785.418 1.09E-19 649 0.0609 { 0.75 9.83
CsH, 766.7437-767.008% 766.805 1.40E-20 1012 0.0724 | 0.75 10.57
CaHg 319.2380-819.7301 819.549 2.01E-21 244 0.1000 | 0.50 7.58
CqHg 815.8082-816.9608 816.905 1.98E-21 292 0.1000 | 0.50 10.54
CaHg 822.3337-822.4178 822.343 2.25E-21 50 0.1000 | 0.50 14.30
CoHs 838.2636-838.7098 838.269 2.10E-21 58 0.1000 | 0.50 12.91
CoHg 830.2691-830.3866 830.275 1.75E-21 136 0.1000 | 0.50 13.92
HCN 747.3356-747.6085 747.405 1.56E-19 195 0.1053 | 0.50 30.94
HCN 762.0211-762.6085 762.121 8.07E-20 401 0.1044 | 0.50 33.65
HCN 750.0565-750.5231 750.351 1.42E-19 230 0.1062 | 0.50 33.96
HCN 753.1497-753.3741 753.295 1.27E-19 268 0.1044 | 0.50 39.29
HCN 758.9891-759.2263 759.180 9.54E-20 354 0.1035 | 0.50 41.18
OcCs 842.5476-844.5340 344,499 1.14E-20 241 0.0885 { 0.72 9.34
0CS 855.6262-857.4752 855.687 8.17TE-21 14 0.0990 | 0.77 9.91
0Cs 848.0530-848.9557 848.898 1.44F-20 121 0.0825 | 0.70 10.33
OCS 845.6560-846.5562 846.273 1.44E-20 188 0.0900 | 0.70 10.84
0CSs 844.5366-845.6381 845.389 1.22E-20 214 0.0890 | 0.71 10.91
OCS 849.9732-850.4321 850.194 1.45E-20 93 0.0940 | 0.71 12.42
0Cs 770.1028-870.7352 870.201 1.45E-20 164 0.0905 | 0.70 9.52
OCS 868.3688-868.9477 568.713 1.54E-20 121 0.0920 | 0.70 10.66
OCs 866.6986-867.1499 866.826 1.53E-20 77 0.0945 | 0.71 11.81
0CSs 868.9502-869.2767 869.087 1.53E-20 131 0.0915 | 0.70 12.16
Cl0 860.7520-860.9127 860.832 3.24E-21 118 0.0930 | 0.7 139.20
Cio 831.3199-831.9651 2.43E-21 72 0.0930 | 0.75 174.90

Table 3: A list of PTAOS microwindows found and the line parameters of the strongest

—830.608

absorption line in the microwindow for the gases indicated.
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Ethane (C;Hjs)

Ethane is another light hydrocarbon for which the mean profile as described above is
taken from the same source. The spectral regions with C;Hg signature have dilferent
interfering species which have no signal uniformly all over the spectral interval. This

demands categorizing the whole spectral region into three subintervals and accordingly

definition of three scenarios.

The region 770-831 cm™! in which CO, is taken as a simultancous fit parameter and

Chemical Microwindow Retrieval || Chemical Microwindow Retrioval
species em™! Error species cm™H Error
in % in %
CClg 796.1988-796.8005 12.10 || CCLF 850,0089-850.4321 189
CCly 794.2251-795.3343 13.70 {| CCly 1, 010.5779-919.9018 1.73
CCly 797.5987-798.0960 24.60 j| CCL1F, 922.9720-923.2627 l.RK
CCl, 789.7830-790.4868 25.18 || CClFy 919.9044-926.6796 1.91
CIONO, | 780.0317-780.2306 8.97 || CCiLF, $29.3853-929.6071 2.30
CIONO, | 780.2332-780.3734 13.02 § CCl,F, 020.9346-921.1947 2.45
CIONO; | 806.8195-807.5820 1 - 16.80 j| CHF,Cl | 828.8049-829.5502 L.6G
CClLF 843.1672-844.7329 2.31 | CHI,Cl | 820.6456-820.9592 470
CClF 848.1372-848.9328 2.96 || CHF,Cl | 809.2114-809.3568 3.84
CClF 842.2492-843.1647 3.49 || CHF,Cl | 808.7703-809.2088 4.43
CCI1LF 850.4475-850.7254 3.72 | CHF,Cl | 804.3026-804.5729 4.49

Table 4: A list of PTAOS microwindows found for gases with absorplion cross
sections,

the 829-860 cm~! spectral interval with OCS and CCI;3F as major absorbers are the Lwo
spectral regions in which a significant number of good microwindows are found. We report
five microwindows of which two are from the first spectral interval. The minor interfer-
ing gases considered for selection of microwindows from 770-831 e~ interval are 11,0,
- NHs, HNO3, OCS, CClF, CCl,F,, CoH,, CHF,Cl, CCly, HON, CIONQ,, COF,, C10 and
HNO4. Hy0, HNOj, NH,;, CCLEF,, CO,, C;H,, CHF,CI, CCly, HCN, CIONO,, COI,,
ClO and HNO, are gases considered as weak absorber in the interval 829-860 em ' Most
of absorption lines of target gas that fall in the first best microwindow are having rela
tively wéak temperature dependence compared to those in the second and other successive
spectral intervals besides being of strong intensity (Rothman et al., 1996). A comparison
of the first two microwindows from the first spectral interval mentioned above {see T

ble 3) in terms of the absorption lines of CO; showed that there are more GO, lines in
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the second microwindow apart from strong temperature dependence.

Carbon Tetrachloride {(CCly)

It belongs to family of halocarbons and is an anthropogenic source gas with a very long
photochemical life time. Like any other halocarbons it is transported into the strato-
sphere where it is photochemically decomposed to provide free chlorine which takes part

in catalytic destruction of ozone. Polar profile is taken for the simulation.

There are several microwindows having retrieval errors within tolerable limits. Major in-
terfering species are H,O, NH; and CO,. The minor interfering absorbers are O3, CyHe,
HNQOj;, CoH,, CHF,Cl, HCN, COF,, CIONO, and HNO,. The first of these microwindows
has no absorption lines of NH; and has comparatively weaker lines of CQO, as compared

to others.

Chlorine Monoxide {ClO)

ClO exhibits only rather weak absorption band in the mid-IR. It is a key radical involved
in the catalytic destruction of atmospheric ozone and has been observed using FIR mi-
crowave and in situ techniques. The polar winter profile is used. There are three scenarios
prepared for different spectral regions. Most of the microwindows found have retrieval
errors of the order of several hundreds percent and two of these with relatively smaller
retrieval errors are reported. This is partly attributed to low concentration of ClO in
the atmosphere during normal polar winter. Therefore, the retrieval error is expected to
reduce significantly under ozone hole condition during which very high concentration of

this gas is observed.

Chlorine Nitrate (CIONO,)

It is predicted to be a major temporary reservoir of chlorine in the middle stratosphere.
It is formed by recombination of ClO with NO, and partly removed in the daytime by
photolysis. The polar winter profile has been used after shifting maximum to 27 km and
increasing the whole profile by a factor of 2 because of weak sensitivity. This change of the
standard polar winter profile is justified by the high CIONO, mixing ratios observed by
MIPAS-B (Clarmann et al., 1993). Several microwindows have been found with an error

less than 50 % for the first scenario in the spectral region 750-820 cm™' which includes
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H,0, CO, and O3 as major spcecies and others {namely NHj, C,Hg, CiO, HCN, COF,,
CCly, HNOy, CHF,Cl and HNQ;) as minor. All the reported ones are found from this
spectral interval. The spectral region 820-840 cm~' where there are some transitions of
CIONO; has only inferior microwindows as the associated error exceeds 50 % for all and

report has not been made,

Carbon Dioxide (CO,)

COq is well mixed in the whole atmosphere up to the lower thermosphere and is a main
component in the climate system. It is used for deriving the temperature distribution in
the middle atmosphere due to its well known mixing ratio and strong absorption bands.
The mean profile of 1991 is used after a trend correction by 10 ppmv in all the layers to

account for the annual increase of concentration,

There are quite a large number of microwindows for CO, with only less than 10 % retrieval
error derived {from a scenario defined over spectral interval 700-830 cm~'. As shown in
Table 2, H,0 is the only species considered as major interfering and HNOj, NHj, O,
C:Hs, C;Ha, CHF,CI, CCly, HCN, CIONQ,, COF,, HNO, and C10 are minor interfering

gases.

There are also similar number of microwindows from the second group over the spectral
interval 920-995.8 cm ™! in which H,0 is major interfering gas and NHs. O3, CCL,F; and
COF; are weak absorbers. Report of four and six microwindows have been made, respec-

tively, from the two retrieval scenarios.

Carbonyl Fluoride (COF,)
It 1s an intermediate product in the decomposition of halocarbons in the stratosphere.
Its importance lies in the need to understand the reactions that follow the break up of

halocarbons in the stratosphere. The profile used is the mean profile.

Most of the microwindows found on the basis of scenario that considers H,0, 05, CO,,
and CIONO; as major interfering species have errors exceeding 100 %. The other scenario
defined over the spectral interval 935-960 cm~! considers H;0 and CO, to be major and

NHj; to be minor absorbers. There are relatively strong signal of COF, as a result of
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which the two microwindows reported here have retrieval error less than 100 %.

Trichlorofluoromethane (CCI3F)

CCI3F is another halocarbon which plays an important role in stratospheric ozone de-
pletion and which is one of powerful greenhouse gases. The profile used is the profile
defined for polar atmospheric model. The best microwindow found covers the spectral
region 843.1672 — 844.7329 cm™! with a retrieval error of 2.3 % of total column amount
of CCl3F. As the forward simulation is based on cross-section data for all families of
Chlorofluorocarbons (CFC), we have only reported the selected microwindows unlike the
molecules where line data are provided (see Table 4). The major interfering species con-
sidered are H3(), HNO3 and OCS. The minor interference comes from NHs, CoHg, CHF, (1
and ClO. The problem with broad-band absorbers like CFC’s is that the background sig-
nal is not known accurately. Therefore, for CFC’s our results have to be treated with

some caution as we have assumed accurate knowledge of the background radiance.

One of the microwindows currently in use by some research groups encompasses a very
wide interval from 835-855 cm™! which is nearly a complete spectral region in which
CCI3F has transition and suffers from a number of error sources. Indeed, there are several
microwindows in the interval with less than 10 % error. However, there are equally good

microwindows outside this spectral interval with even more sampling grid points.

Dichlorofluoromethane (CCIL,F,)
It is the source of chlorine and fluorine radicals. CCLF; exhibits wide and strong absorp-

tion features in the mid IR located between 860-950 cmn™!. The polar profile has been used.

The major interfering species are H,O and HNOj for spectral region in which best mi-
crowindows are found. The best microwindows are found in the region between 919-

923 cm™! with error less than 2 % of the total column amount. The weak absorbers are

NHa, COg, CzHe, COFQ and ClO

Difluorochloromethane (CHF,Cl)

Unlike some of the halocarbons, it has low photolysis rate. The mean profile given by
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Fchle et al (1992) has been slightly changed by a scale factor of 1.4 to account for annual
rise in the concentration.

Several microwindows are found for the scenario defined over spectral region 780-830 cm™*
which assumes H,O and CO, as major interfering species and C,Hg, NH3, C;H,, CCly,
HCN, CIONOQ,. ClO, COF; and HNO, as weak species. The microwindow that has been

used todate seems to be a good one with small retrieval error.

Water vapor (H,0)

Atmospheric HyO plays an important part in the troposphere in most phonemena apart
from its effects as main component of the greenhouse gases. A search for optimum mi-
crowindow, when uncertainties in pressure, temperature and angle of sight are assumed to
be among parameters that contribute to some fraction of the systematic part of the error
budget of the retrieval. resulted in extremely very narrow microwindows which consist of
only one grid point in the majority of the microwindows that are best in terms of their

total retrieval errors. The results are given in the Appendix.

Hydrogen Cyanide (HCN)

It is produced in the atmosphere by both natural biological and anthropogenic means.
Owing to small fluctuation in the measurements made. one mean profile had been defined
and has been also used in this work. The distribution of HCN is controlled mainly by
atmospheric transport. As to the difference spectra, H,0, CO; and Oz are the major

absorber in the spectral region 710-800 cm™?

in which HCN has some signal. Weak in-
terference comes from HNOj;, NHj, CyHg, CaH,, CHF,Cl, CCly and COF4 lines. The
result shows that HCN can be retrieved with an accuracy of at most 31 % if the major
interfering species are simultaneously fitted during the retrieval and the weaker species

are considered as contributor to systematic errors. -

Nitric Acid (HNOj;)
HNOj; plays an important role in the chemistry of the atmosphere because it is a reser-

voir for the odd nitrogen species that catalytically controls the ozone abundances and it
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may act as a sink of NO,. It is also involved in the heterogeneous and heteromolecular
condensation process which is an important precondition for the formation of the polar
ozone hole. The tropospheric value of polar profile is reduced by a factor of 0.1 and then

used.

HNQj; is one of the species that can be determined with more accuracy. There are many
microwindows with reirieval errors below 10 % under different scenarios over different

spectral regions under investigation.

Ammonia (NH;)
1t 1s primarily produced by biogenic activity on the surface of the earth. It is seen that
there is a wide range in the measured vmr in troposphere and stratosphere as a result of

which only mean profile is defined and used.

NHj has transitions nearly over the complete spectral region investigated. As the major
species that have blending effect with NHj are not the same over the wide spectral region,
we defined nine scenarios of which five are turned out to be useful to retrieve NH; with

errors below 50 %.

Ozone (0O3)

It is the only atmospheric constituent which effectively absorbs ultraviolet solar radiation
from about 250 to 310 nm, protecting plant and animal life from exposure to harmful
radiation. Because of current concern in the possible depletion of Ozone laver, extensive
measurerments have been made and well documented. The winter polar profile has been

used.

O3 is also highly sensitive to the accuracy by which atmospheric and instrumental-pa-
rameters are determined so that many PTAOS microwindows are practically single grid
point with nearly same retrieval errors. Therefore, from practical point of view it is rather
difficult to make selection of best ones on the basis of their retrieval errors. Some of the

these microwindows are given in Appendix.
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Carbonyl Sulfide (OCS)
The major sources of tropospheric OCS are natural, examples are oceans, soil and con-

version of CS§;, whereas anthropogenic sources represent only quite a small fraction.

OCS has signal in the spectral range 828-885 cm™! for which there are different ma-
jor absorbers. This requires definition of 4 scenarios which are found to be useful as far
as the error budget of the determined microwindows is concerned for retrieval under the

same condition.

Usually, the species labelled "major interfering species” in Table 2 were treated as joint-
fit parameters, however, we also defined scenarios which consider the major interfering
parameters in PTAOS as parts to be kept constant instead of jointly fitting in order to
validate the decision which parameter to adjust and which to keep constant. Due to obvi-
ous reasons (see (41) for estimate of changes that could have occurred as a consequence).
the outcome of the optimization has shown that these microwindows besides being quite
narrow have large retrieval error. Therefore. they have not been reported here. This

confirms that the original of selection joint-fit parameters had been reasonable.

5.1.2 Non-PTAOS Microwindows

These microwindows are determined based on the assumption that in the spectral re-
gion under study, absorptions by the trace molecules have weak dependence on these
parameters and hence contribution to the svstematic portion of the retrieval error due
to their a priori uncertainties can be neglected. The motivation behind this case study

1s as mentioned earlier to allow better comparison to conventionally defined microwindows.

This kind of microwindow optimization has been done only foi some selected species
as shown in Table 5. The response to the omitted atmospheric and instrumental parame-

ters has shown up in a change of the width of the microwindows in most of the test cases.

[
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Acetylene (C,;H,)

In this case in which we neglected the the uncertaintities in the three atmospheric maodel
parameters and one instrumental parameter, a completely different set of microwindows
are found. One important feature observed is the considerable increase in the widil, of
the microwindows unlike the earlier ones. As a consequence, some of the selected hest -
crowindows include the narrow microwindows selected under PTAQS sensitive scenarios,
In addition, they are nearly identical to microwindows that have been widely used snch
as 766.350-767.175 cm™! given in the atlas of inicrowindows by, Mcier et al, (1997) excepl
a slight difference in both the their borders and width. There is a clear indication thal
extended spectral regions contain many absorption lines quite sensitive to uncerlaintics

in pressure, temperature and angle of sight,.

Chlorine Nitrate (CIONO,)
CIONO, is another gas for which selection of optimum microwindows has been carried out
without the three atmospheric and one instrumental parameters. The resnlt has show

that there are some microwindows (e.g 780.027-781.189 cm™') which are fairly identical

to those reported by Meier et al., (1997).

Chemical microwindow Retrieval || Chemical microwindow Retrieval

Species cm™} error (%) || Species cm™! error (%)
C,H,y 765.9736-767.9422 1.33 || H,O 827.5714-827.8111 0.163
CsH, 771.3388-772.3614 2.06 || H,0 838.7251-840.0613 0.108
C.H, 761.2612-762.4597 2.96 || H,0 908.6971-910.6938 0.096 |
C.H, 759.0606-760.0908 3.51 || H,0O 054.2375-956.2342 0.059
CyH, 775.2021-776.1150 3.77 i| H,0 952.2332-954.2269 0.071
CIONO, | 780.0267-731.1894 3.78 ii H,0 939.5852-941.5819 0.089
CIONO, | 778.1855-779.1724 9.85 || H,O 943.5836-945.5803 0.090
CO, 951.8227-951.9502 0.088 || H,O 945.5828-947.5795 0.005
COq 948.4057-950.4023 0.089 || O 994.4460-994.4664 0.653
€0, 945.0779-947.0746 0.091 || O, 995.4022-995.4252 0.669
CO, 953.9596-955.9562 0.091 |j O4 992.9976-993.0103 ¢.734
CO, 970.1394-971.1951 0091 | O3 994.3465-994.3618 ¢.739
HNO; 869.8938-870.5211 0.31 || Oy 987.4921-987.5049 0.743
HNO3 868.8151-869.0880 0.41 §f Og 990.2334-990.2410 0.765
HNQ,; 870,5899-870.9011 0.41 §f O, 994.5454-994.5531 0.776
HNO3 872.0511-872.4030 0.44 § O4 890.2691-990.2767 0.777
HNQO; 869.1823-869.1798 047 || O3 990.2451-990.2538 0.778
H,0O 783.8389-784.8436 0.156 || O, 986.0922-986.1024 0,793
H,0 778.9735-779.5192 0.157

Table 5: A list of non-PTAOS microwindows for the gases indicatod,
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Carbon Dioxide (CO;)

Similar comparison of PTAOS microwindows with existing microwindows is made but
none of the best PTAOS microwindows are identical to existing ones (Meier et al., 1997).
Then, the comparison with non-PTAOS microwindows have shown that some non-PTAOS
microwindows are found to match the existing ones (e.g 936.100-937.400 cm™1). All the
three cases considered so far have pinpointed that microwindows that have been used by
many investigators suffer from the same sources of systematic errors. This is also clearly
seen in the retrieval errors since the trend is a fall of retrieval errors in the same direction

when compared to the non-PTAOS case (see and compare Tables 4 and 5 for CIONQ,,
Tables 3 and 5 for C;H; and CO3).

Nitric Acid (HNOj3)

HNOj; is the only target gas for which there is no significant change in the width of the
microwindows found. However, the current microwindows are totally different from the
previous ones. This might be due to temperature dependence of major interfering gases
as it is evident from the comparison of line parameters of the major interfering gases
(Rothman et al., 1996) in the microwindows selected {for instance, OCS absorption line
with E”=164 cm™!) in one of the best non-PTAOS microwindows, and E"=324 cm™!

in the best PTAOS microwindows ).

Water Vapor (H;0)

A selection of microwindows has also been made for non-PTAQOS test case where a dra-
matic change both in the total retrieval error and the width has been observed. It may
be attributed to very high sensitivity of the absorption features of H;O (for instance, the

water vapor continuum) to a priori uncertainities of these parameters.

Ozone (O3)
There was only a slight change in the width of the microwindows even under non-PTAQS
test case. This may be partly attributed to the fact that O3 has its peak in the strato-

sphere as a result of which weak sensitivity to change in pressure.
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5.2 Validation

We have selected C;H,, CIONO; and HNO; as the test target parameters for retrievals
using PTAOS and non-PTAOS microwindows. The measurement noise that has been used
during selection of microwindows is randomly generated under Gaussian distribution and
superimposed on 50 synthetic spectra, In addition, the a priori uncertainties in the fixed
parameters are generated using a random distribution of errors. The root mean squarcd
retrieval error of these "Monte Carlo” test runs, carried out by the retrieval algorithm

RAT (Clarmann, 1994), are computed and reported in Table 6. We have also given a

typical example of simulated reference and best fit spectrum as shown in I"ig. 4.

Chemical microwindow RMS Expected | Diflerence

Test Retrieval | Retrieval (Exp-Test)

Species cm™? error ( %) | error(%) (%)

CIONO,* | 780.0317-780.2306 8.78 8.97 0.19
CIONO, | 780.0267-781.1894 3.04 3.78 0.74
C.Hy* 771.2853-771.6015 2.83 2.94 0.11
C,H, 765.9736-767.9422 1.85 1.33 -0.52
HNOs* 862.5319-863.0776 1.35 0.87 -0.48
HNO;3 872.0511-872.4030 0.34 0.44 0.10

Table 6: A comparison of the test retrieval error with the optimum retrieval error
for selected cases. Asterisk denotes PTAOS microwindow.

The root mean squared retrieval error (RMS) has been compared to the value obtained
from the optimization by (45). As shown in the last column of the Table 6, there is no

considerable difference between the expected retrieval error and ervor from test runs. For

most cases, the predicted retrieval error is well validated by these test robrievals. e

observed discrepancy may arise possibly due to many factors. Recall Eqs.(39) and (11)

which are basically the same and should lead to identical results. Nevertheless, the way
they are implemented have to be taken inlo account. TFor instanee, if we look al the
Levenberg-Marquardt method, it generalizes the method of normal equations, however, it
suffers from the same problem with regard to near-degeﬁeracy minimum (Niple, 1980 and
Press et al, 1990). Hence, the ultimate decision for whether or not a given solulion is the
true minimum is usually a subjective one. On the olher hand, the most prohable proliles

used here are not obtained by nonlinear least squares refinement from initial guess bt




rather are predefined on the assumption that these are realislic profiles from whicl, the
reference spectra were obtained. Therefore, these two difference might have contributed

some part to the observed discrepancy.

In addition, the Gaussian distribution of errors in the parameters might have transformed

to assymetric distribution of errors in the simulated spectra due to nonlinearity in the

Gaussian distribution itself.

The other possible factor might be linked with the fact that the estimates of systematic
errors during selection of microwindows have been carried out using difference spectra
calculated at an increment of 10 % of vmr which may nol be suitable increment for all

the parameters thereby introducing nonlinearity.
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Figure 4: The simulated reference and best fit spectrum for Retrieval of Cally in
the selected PTAOS microwindow,

We have mentioned so far some of the apparent reasons for Lhe observed difference hetween
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expected retrieval errors and those from test retrievals. An important fact underlying the
selection of microwindows is not to quantify the errors in the derived parameters but
rather to use those values in identifying the most suitahle spectral region from the whole
spectrum for retrieval of the target gas(es). Nevertheless, as said before, predicted errors

are in reasonable and sometimes even excellent agreement with Monte Carlo simulations.

The result of the retrievals using the PTAOS and non-PTAOS microwindows as shown
in Table 6 revealed that Monte Carlo retrieval errors in non-PTAOS microwindows are
smaller than that of PTAOS in agreément with predicted retrieval errors for all the three
species. It indicates that in non-PTAOS case, the total error is underestimated. This can
also be observed from test runs undertaken with the three non-PTAQS microwindows but
with PTAQS retrieval scenarios of CIONQ,, C,H, and HNO; since the retrieval errors
change to 7.28 %, 17.86 % and 2.64 % respectively. These values differ from both expected
errors and non-PTAQS test retrievals quite significantly. Moreover, there is no advantage
of using non-PTAOS over PTAOS microwindows as revealed by this results with exception
of CIONO;. At first glance it seems suspicious that results for a non-PTAOS microwin-
dows applied to PTAOS conditions yields better results than the * optimum”’ PTAQS
microwindows. The explanation is that the information content of the wide non-PTAOS
microwindow is more than that of the narrow PTAOS microwindow. However. it should
be compared not to the best PTAOS microwindow alone but to a certain combination of
high priority PTAOS microwindows within the spectral region covered by the non-PTAQS
microwindows. The combined retrieval error of this microwindow combination is expected
to be smaller than the 7.28 %. The microwindows selected by optimization under the two
cases may be used jointly in a two step retrieval method used for instance by Reisinger et
al. (1995). In a first step the method use a wide microwindow for joint retrievals of target
and interfering species. The second step then is a refinement of the target parameter on
the basis of a narrow microwindow which is a subset of spectral grid points of the wide

microwindow.




6 Conclusion

The theory of radiative transfer has been briefly reviewed in view of both foward and
inverse modellings whose applications are sought for ground-based observing system, an
example of which is FTIR spectrometer. The forward radiative transfer model is used to
simulate reference spectrum and 21 increment spectra corresponding to 17 target species,
3 atmospheric parameters and 1 instrumental parameter based on the realistic atmo-

spheric model developed from independent methods and radiosonde data.

We have also given a short description of error analysis method that can be used for
nonlinear models such as radiative transfer modeis. It has been adopted to microwindow
optimization. The result of selection of optimum microwindows proved to be quite suc-
cessful with regard to encompasing prominent features of the target parameters. However,
there are also some exceptions when comparison with existing microwindows are made.
Absorption features once assumed to be prominent in terms of strength, less interfer-
ence from other species and weak sensitivities to changes in certain parameters such as
temperatures, pressure etc. are unfortunately found to be contaminated by features of
other species which are slightly weaker in strength but highly sensitive to changes in the
parameters mentioned. As a result, those features appear in low priority microwindows
with regard to associated retrieval errors. Therefore, most of the PTAQOS microwindows

do not include existing microwindows.

When uncertainties in pressure, temperature and angle of sight are excluded from re-
trieval scenarios for optimization of microwindews we have noticed dramatic changes
both on the type and width of the microwindows. The best non-PTAQS microwindows
are fairly identical to the existing ones (Meier et al., 1997). This result has, to certain
extent, confirmed that the existing microwindows might have suffered from the same type

of systematic error sources.

We have compared retrieval results from selected microwindows in both cases under study
to the corresponding optimum retrieval errors claimed. There are only small differences,

however, this has no significant implication since the magnitudes of both quantities are
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very small compared to the quantity to be derived from the measurement as well as the
accuracy by which this quantity used to be determined. The possible explanation for the

observed discrepancy are:

1. the transformation of Gaussian distribution of errors in the parameters might have

introduced some asymmeteric error distribution in the parameters,

2. the assumed initial guess in the case of retrieval might have been to far away from

the real profile due to the nature of nonlinear least squares estimation,

3. contrary to 2, the best estimate is predetermined in the case of microwindow opti-
mization which certainly affects the result as least squares refinement is expected

not to give the same best estimate had we started from initial guesses,

4. the 10 % increment for computing the increment spectra might have not satisfied

the linearity condition.

There is also a potential error source in case of measured spectra. In the theory of least
square analysis, the model is assumed to be exact, but the model (see (25) and steps
taken to) is only a good approximation. Although, quantification of the error resulted
from model imperfection (Clarmann and Echle, 1997) can also be accounted for during
selection of microwindows, this has not been included in this work. The retrieval error
arising from model imperfection for the case of simulated spectrum, indeed, does not
contribute to the discrepancies observed as in this case the model describes exactly the

simulated spectra which is considered as if it is a measured spectrum.

In summary, these microwindows are the first ever reported optimized microwindows

which may prove to be useful for the analysis of ground-based FTIR spectra.
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Appendix: List of Optimized Microwindows

Table Al: Scenarios for Optimized Microwindows

Spectral interval | Target gas | Major interfering species | Minor interfering species
cm ™1 (Fit parameters) {(Fixed parameters)
705.0-800.0 | C.H, H,0, O3, C.Hg,CHF,Cl, CCly,

scenario 1 CO, HNOj, CIONO,,
COF,, HCN
770.0-831.0 | C,Hg CO, H,0, HNO3, NH3,
scenario 1 ' CCl3F, CClyF,, CoH,,
0CS, CCly, CHF.Cl,
HNQ,4, COF,, CIONO,,
HCN, CIO
829.0-860.0 | C.Hs 0QCS, CCI3F H,0, HNO3, NH3,
scenario 2 CCl Iy, CoH,, CHF,CI,
CCly, CO4, HCN
HNQ,4, COF,, CIONO,,
Cl0
710.0-800.0 | HCN H,0, O, C,H,, C;Hg, CHF,CI,
scenario 1 CO. COF,, NH;,
CCly, HNO;
818.5-850.0 | C10 H,0, OCS C,Hg, NH;, CHF,C1,
scenario 1 CIONO,, CCl3F
848.5-885.0 | C10 H,0, OCS CyHg, NHj, CCLF,,
scenario 2 HNOs, CCI3F
785.0-807.0 | CCl4 H,0, CO,, 03, C;Hg, HNO3,
scenario 1 NHj, HCN, HNOy4, COF,,
C.H,,CHF,Cl, CIONO,
750.0-820.0 | CIONOQ, H,0, O3, C,H,, CoHg, CHF,C,
scenario | CO, HCN, NH;, COFs,
Cl10, CCly, HNOs,
HNO4
830.0-860.0 | CClzF H,0, HNOQO,, NH,, CoHg,CHF,CI,
scenario 1 0CSs C10
888.5-937.0 | CCl,F, H;0,HNQO;, NHaj, CO,, CyHg,
scenario 1 COF,, Ci0O
780.0-830.0 ; CHF,Cl H,0, CO, CyHg, NH3, C,H,,
scenario 1 CCly, HCN, CIONQO.,
Cl10, COF,, HNOy
828.5-840.0 | CHF,Cl H.0,0C5, C,Hg, NH3, C,H,,
scenario 2 CClF CCly, HCN, CIONOQ,,

Cl0, COF,, HNO,
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Table A1 (continued)

Spectral interval | Target gas | Major interfering species | Minor interfering species
cm™! (Fit parameters) (Fixed parameters)
800.0-805.0 | HNQO, H,0, CO,, NH;, C,Hg, CIO,

scenario 1 CCly, CHF,CI CIONOQ,,COF,
840.0-860.0 { HNO; CO,, CCI3F, CyHg, NH;
scenario 1 0CS
858.5-870.0 | HNO; CO,, H;0, CoHg, NH;
scenario 2 0CS
868.5-889.0 | HNOs COz, CClyFy, CqoHg, NHa
scenario 3 OCS
887.5-920.0 { HNO, H,0, CClF, CeHg, NH;
scenario 4
700.0-830.0 | CO, H,0 fINO3, NH,, CoH,,
scenario 1 CHF,Cl, CCly, HCN,
CIONO,, COF,, Cl0O,
HNOy, O3, CyHs,
920.0-995.8 | CO5 0,0 NH,, CCLT,,
scenario 2 O3, COF,
700.0-820.0 | H,O CO,, O3 HNO;, NH;, C;H,,
scenario 1 CeHg, CHF,Cl, CCly,
HCN, CIONO,, COF;,
Cl0, HNO4
818.5-830.0 | H,O OCS, NH3;, CyH.,,
scenario 2 CqHg, CHF,CI, CCly,
HCN, CIONO,, COF,,
ClO, HNOy
828.5-860.0 | H,0 0CS, CCLLF HNQO;, NH;z, C,H,,
scenario 3 C.Heg, CHF,CI, CCly,
HCN, CIONO,, COF,,
ClO, HNO4
895.5-935.0 | H,0 HNOj, CClyFy NHs, C2H,,
scenario 4 CeHg, CHF,Cl, CCly,
HCN, CIONOQ,, COF,,
Cl0, HNO,
933.5-995.8 | H,0 CO, 04,NHs, CoH,,
scenario 5 CoHg, CHF,Cl, CCly,

HCN, CIONO,, COF,,
Cl0, HNO,
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Table A1 (continued)

Spectral interval | Target gas | Major interfering species | Minor interfering species
cm™! (Fit parameters) (Fixed parameters)
858.5-887.0 | NHj4 H,0, HNOQ;, C,H,, CyHg, CHF,CI,

scenario 1 OCS, CCl,F, HCN, CIONO,, COF,,
CCl, ClO
885.5-920.0 | NH; H,0, HNOs, CoH,, C;Hg, CHF,CI,
scenario 2 CClL,F, HCN, CIONO,, COF,,
CCly, CIO
918.5-930.0 | NH4 H,0, HNO3, C;H,, CoHe, CHF,Cl,
scenario 3 CO, HCN, CIONQ;, COF,,
CCly, C10
928.5-970.0 | NH4 H,0, CO, CqH,, CyHg, CHF,CI,
scenario 4 HCN, CIONO,, COF,,
CCly, Cl10
968.5-995.8 | NH; H,0, O, C,H,, CyHs, CHF,CI,
scenario 5 CO, HCN, CIONQ,, COF,,
CCly, ClO
700.0-840.0 | O, H,0, HNO;, C,H,,
scenario | CyHs, CHF,CI, CCly,
HCN, CIONO,, COF,,
COQ
960.0-995.5 | O, H,0, COF,, NH;,
scenario 2 CO4
838.5-860.0 | OCS H;0, HNOj3, NHj, C,Hs,
scenario 1 CClLF ClO, CHF,Cl
858.5-889.0 | OCS H,0, HNOg, NHj;, CyHs,
scenario 2 CClLF, ClO, CHF,(1
750.0-807.0 | COF, H;0, O3, CO,, NHj, CyHg. CCly,
scenario | CIONO, CHF,Cl, HCN, C,H,,
HNQ;
935.0-960.0 | COF, H,0, CO, NHj
scenario 2
958.5-990.0 | COF, H,0, O3, CO, NH;
scenario 3
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Table A2: CQH‘Z

Gas | Scenario | Spectral interval | Error

[em~7] [%)
C.H, 1 771.2853-771.6015 | 2,94
CzH, 1 759.3538-759.7287 | 4.23
C.H, 1 766.4224-766.7412 | 4.39
CzH, 1 761.5494-762.0517 | 4.70
C,H, 1 763.9770-764.5125 | 5.24
C,H, 1 775.8345-776.0997 | 6.09
C,H, 1 754.9041-755.1999 | 8.34
CoH, 1 780.5316-780.7662 | 8.80
C.H, 1 785.2236-785.6163 | 9.83
CoH, 1 766.7437-767.0089 | 10.57
C,H, 1 773.5726-773.7664 | 13.53
C,H, 1 778.1728-778.4533 | 13.53
C.H, 1 780.7687-780.9600 | 14.32

Table A3: C,H,

Gas | Scenario | Spectral interval | Error

[em™'] (%]
C,Hg 1 819.2380-819.7301 | 7.58
C2Hg i 815.8082-816.9608 | 10.54
C,Hg 1 822.3337-822.4178 | 14.30
CyHg 2 838.2636-838.7098 | 12.91
CoHsg 2 830.2591-830.3866 13.92

Table A4: HCN

Gas | Scenario | Spectral interval | Error

[em™!] [%]
HCN 1 747.3356-747.6085 | 30.94
HCN 1 762.0211-762.2761 | 33.65
HCN 1 750.0565-750.5231 | 33.96
HCN 1 753.1497-753.3741 | 39.29
HCN 1 758.9891-759.2263 | 41,18
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Table A5: CIO

Gas | Scenario | Spectral interval | Error

[em™) [%]
ClO 1 831.3199-831.9651 | 174.90
ClO 1 829.1141-829.5579 | 176.90
ClO 1 832.9570-833.4594 | 181.79
ClO 1 830.3586-830.6136 | 190.99
ClO 1 834.2091-834.6324 | 19542
Cl0 2 857.5492-857.7430 | 134.68
ClO 2 860.7520-860.9127 | 139.20
Cl0 2 856.3456-856.5292 | 142,97
C10 2 862.8813-863.0062 | 148.53
Cl0O 2 855.3282-855.4251 | 156.81
CIO 2 858.6789-858.7171 | 160.94
Cl10 2 8569.7371-859.7907 | 162.33
CIO 2 863.8936-863.9727 | 171.01
ClO 2 861.8383-861.9123 | 182.35

Table A6: CCl,

Gas | Scenario | Spectral interval | Error

forn ] %)
CCly 1 796.1988-796.8005 | 12.10
CCly 1 794.2251-795.3343 | 13.70
CCly 1 797.5987-798.0960 | 24.60
CCly 1 789.7830-790.4868 | 25.18
CCly 1 795.3369-796.0177 | 32.97
CCly 1 801.0565-801.8929 | 35.31
CCly ! 796.8031-797.1881 | 37.49
CCly l 791.4965-792.2692 | 37.81
CCly 1 792.7843-793.3172 | 43.27
CCly 1 793.8833-794.2225 | 45.38
CCly 1 793.6182-793.8808 | 45.76
CCl, 1 797.1907-797.4763 | 45.89
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Table A7: CIONO,

e an A b st g e

Gas Scenario | Spectral interval | Error
[cm~"] (%]
CIONO, 1 780.0317-780.2306 | 8.97
CIONO, 1 780.2332-780.3734 | 13.02
CIONO, 1 806.8195-807.5820 | 16.80
CIONO, 1 805.2818-805.8378 | 22.78
CIONO, 1 786.1696-786.6975 | 24.37
CIONO, 1 782.8775-783.3901 | 24.62
Table A8: CCI;F
Gas Scenario | Spectral interval | Error
[cm~"] %]
CCl3F 1 843.1672-844.7329 | 2.31
CCl;F 1 848.1372-848.9328 | 2.96
CCl3F 1 842.2492-843.1647 | 3.49
CCI3F | 850.4475-850.7254 | 3.72
CCLF 1 850.0089-850.4321 | 3.89
CCl3F 1 850.7280-850.9549 | 4.06
CCLF 1 841.9713-842.2467 | 4.26
CClIF 1 851.5312-851.7428 | 4.31
CClzF 1 851.1028-851.2813 | 4.41
CCl3F 1 841.3388-841.7826 | 4.42
CCI3F t 844.7355-846.1252 | 4.69
CCI3F 1 851.3297-851.5210 | 35.12
CClzF I 851.7454-851.9469 | 5.18
CCI3F 1 855.6801-856.8607 | 5.32
CCI3F 1 848.9353-849.1036 | 5.66
CCl3F 1 856.8632-858.3448 | 5.96
CCl3F 1 846.1277-846.8851 | 6.18
CCI;F 1 850.9626-851.1003 | 6.21
CCLF 1 849.8023-849.9808 | 6.40
CCl3F 1 851.9494-852.0514 | 6.44
CCl3F 1 849.1062-849.2515 | 6.46
CCI3F 1 849.2541-849.3790 | 7.04
CCLF 1 840.5968-841.2471 | 7.78
CClsF 1 849.6978-849.7768 | 8.20
CCl3F 1 847.6884-848.0403 | 8.45
CClsF 1 855.2670-855.6775 | 8.69
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Table A9: CCl,F,

Gas Scenario | Spectral interval | Error

o] %
CCl,F, 1 919.5779-919.9018 | 1.73
CCl,yF, 1 922.9720-923.2627 | 1.88
CCLFy 1 919.9044-920.6796 | 1.91
CClyF, 1 929.3853-929.6071 | 2.30
CClyF, 1 920.9346-921.1947 | 245
CCl;F, 1 925.1370-925.3410 | 2.49
CClLFy 1 919.3229-919.5754 | 2.85
CClyF, 1 918.8793-919.2260 | 2.86
CCLFy 1 929.6096-929.7703 | 3.04
CClyF, 1 926.3125-926.5802 | 3.09
CClyF, 1 918.5299-918.7390 | 3.18
CClLF, 1 930.3645-930.6016 | 3.21
CClyFq 1 921.5109-921.7837 | 3.22
CClyFy 1 930.0584-930.2497 | 3.23
CCLF, 1 922.4697-922.6864 | 3.24
CClyF, 1 917.4691-918.0990 | 3.24
CCLLF, 1 928.2582-928.4902 | 3.26
CCLF, 1 928.4928-928.6177 | 3.30
CClyF, 1 929.2909-929.3725 | 3.32
CClyF, 1 926.5828-926.6848 | 3.36
CClyF, 1 922.6889-922.8573 | 3.36
CClyF, 1 914.9676-915.5107 | 3.46
CCl,F, 1 925.9733-926.3100 | 3.48
CClyF, 1 924.1119-924.5352 | 3.50
CCLF, 1 911.2981-912.3818 | 3.52
CClyky 1 927.4320-927.6232 | 3.53
CCl,F, 1 921.7862-921.8781 | 3.56
CClyF, 1 922.2274-922.3549 | 3.57
CCLF, 1 925.6826-925.9249 | 3.62
CClyF, 1 929.1430-929.1940 | 3.75
CClyF, 1 926.6975-926.8047 | 3.77
CClLF, 1 922.8598-922.9695 | 3.82
CCLF, | 926.8072-926.9245 | 3.88
CCLLF, | 916.7602-917.1759 | 3.97
CClLF, 1 928.8370-928.8957 | 3.99
CClL,F, 1 927.7788-928.0006 | 4.01
CClF, 1 930.7164-930.8209 | 4.10
CClyFy 1 927.6258-927.7278 | 4.16
CClyF, | 928.0669-928.2556 | 4.22
CCLF, 1 929.8545-929.9463 | 4.33
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Table A10: CHF,Cl

Gas Scenario | Spectral interval | Error
o] %)

CHF,Cl 1 828.8949-829.5502 { 1.66
CHF,Cl 1 820.6456-820.9592 { 3.75
CHF,Cl 1 809.2114-809.3568 | 3.84
CHF,Cl 1 808.7703-809.2088 | 4.43
CHF,Cl 1 804.3026-804.5729 | 4.49
CHF,Cl 1 817.8737-818.3863 | 5.71
CHF,Cl 1 817.1955-817.6187 | 6.29
CHF,CI 1 819.1513-819.6384 | 6.56
CHF,Cl1 1 815.7853-816.0938 | 7.01
CHF,(CI | 800.9724-801.3472 | 7.04
CHF,Cl 1 819.8041-820.2147 | 7.06
CHF,Cl1 1 801.7654-802.0816 | 7.82
CHF,CI 1 800.1513-800.6128 | 7.87
CHF,Cl 1 820.9669-821.7038 | 8.15
CHF,Cl 1 799.4220-799.8147 | 8.21
CHF,Cl 1 816.1576-816.4126 | 8.35
CHF,CI 1 811.0091-811.7767 | 8.66
CHF,Cl 1 8§14.9897-815.2779 { 8.83
CHF,CI | 818.7433-819.1411 | 9.01
CHF,CI | 817.6213-817.8661 | 9.10
CHF,Cl 1 816.7467-817.0297 | 9.56
CHEF,CI 1 812.6233-813.2328 | 9.74
CHF,C} 2 831.3174-832.5209 | 6.95

Table A11: HNO4

Gas Scenario | Spectral interval | Error
[cm™] %]

HNOy 1 802.4029-802.9078 | 706.85
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Table A12: HNO;

Gas Scenario | Spectral interval | Error

{cm™"] [%]
HNO; 1 857.0545-858.4264 | 1.20
HNO; 2 862.5319-863.0776 | 0.87
HNOj; 2 863.0827-863.5621 | 0.93
HNO; 2 861.70567-862.2463 | 1.03
HNO; 2 861.2288-861.6980 | 1.10
HNO3 2 860.2496-860.7749 | 1.12
HNO; 2 863.5647-863.9191 | 1.18
HNO; 2 864.2277-864.5591 | 1.22
HNO; 2 860.7800-861.2187 | 1.28
HNO; 2 866.0738-866.2957 | 1.39
HNO;4 2 862.2488-862.5294 | 1.40
HNO; 2 863.9216-864.0619 | 1.43
HNO; 2 865.6990-865.8443 | 1.46
HNOQO; 2 866.4869-866.7394 | 1.51
HNOj; 3 878.1915-878.4159 | 1.30
HNO;3 3 879.7980-880.4023 | 1.34
HNO;3 3 885.0994-885.3009 | 1.38
HNO; 3 B77.4443-877.9237 | 1.41
HNO; 3 879.3543-879.7929 | 1.43
HNO,3 3 880.4049-880.7364 | 1.45
HNO; 3 884.2656-884.5996 | 1.48
HNO; 4 895.5544-895.7865 | 1.20
HNO; 4 893.2951-893.5858 | 1.23
HNO; 4 893.8459-894.2029 | 1.29
HNO;3 4 895.2713-895.5519 | 1.31
HNO; 4 909.3270-909.7656 | 1.32
HNO; 4 911.4741-912,1014 | 1.32
HNOj; 4 894.5727-894.9093 | 1.33
HNO;, 4 910.8315-911.3415 | 1.34
HNO; 4 394.9118-895.2637 | 1.34
HNQO3 4 895.8094-896.0440 | 1.36
HNO; 4 910.4235-910.8289 | 1.37
HNO,; 4 892.4383-892.6959 | 1.37
HNO; 4 896.9263-897.5281 | 1.39
HNO,3 4 890.7120-890.9440 | 1.40
HNO;, 4 912.3793-913.0704 | 1.41
HNO; 4 892.6984-892.8310 | 1.41
HNO; 4 898.5379-899.2570 | 1.49
HNQO;,3 4 909.7681-909.9950 | 1.51
HNO, 4 889.6333-889.7685 | 1.52
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Table A13: CO,

Gas | Scenario | Spectral interval [ Error

fem™] (%]
COq 1 805.9933-806.2228 | 1.00
CO. 1 769.5615-770.2245 | 1.20
CO, 1 806.3809-806.6742 | 1.47
CO, 1 802.9384-803.0914 | 1.51
CO, 1 767.2563-767.5189 | 1.54
CO, 1 799.1210-799.9728 | 1.83
CO,4 1 796.9153-797.6599 | 1.95
CO, 1 807.8931-807.9593 | 2.03
CO, 1 827.8876-828.5506 | 2.04
CO, 1 768.2380-769.0897 | 2.12
CO. 1 803.8130-804.6137 | 2.14
CO, 1 813.7938-814.0003 | 2.17
CO; 1 752.3745-752.4714 | 2.18
CO, 1 751.8058-751.9511 | 2.19
CO, 1 826.5259-827.0385 | 2.22
CO, 1 753.6163-754.0090 | 2.35
CO, 1 814.0972-814.4287 | 2.36
CO4 1 800.0875-800.1742 | 2.38
CO, |- 2 944.0834-944.1345 | 1.14
CO, 2 968.9893-969.0607 | 1.20
CO, 2 969.1958-969.2443 1.20
CO, 2 938.5933-938.6418 | 1.39
CO, 2 961.7550-961.9360 | 1.39
CO, 2 955.6783-956.1245 1.41
CO, 2 0947.8651-948.3419 | 1.68
CO, 2 950.8792-951.0296 | 1.73
CO, 2 947.5566-947.6279 | 1.75
CO, 2 949.6093-949.6985 | 1.80
CO, 2 944.2568-944.3130 { 1.84
CO, 2 969.2979-969.4049 | 1.88
CO; 2 953.0390-953.2940 | 1.96
CO, 2 959.4395-959.6971 | 1.96
CO, 2 956.4331-957.5271 1.99
CO, 2 970.8279-971.1746 | 2.06
CO, 2 954.1101-954.3854 | 2.07
CO, 2 952.6897-952.7713 | 2.18
CO, 2 974.0026-974.5075 | 2.23
CO, 2 970.3179-970.4071 | 2.25
CO, 2 942.4438-942.4769 | 2.39
CO, 2 960.4723-961.6555 | 2.42
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Table A14: H,O

(Gas | Scenario | Spectral interval | Error

[em ™} [%]
H,0 1 784.8589-785.0145 | 1.01
H,0 1 760.5447-760.6772 | 1.05
H,0 t 787.4319-787.8194 | 1.18
H,O 1 815.3799-815.5252 | 1.26
H,0 1 753.5118-753.7821 | 1.26
H,0 1 783.7063-783.8007 | 1.38
H,O 1 803.9559-304.3638 | 1.50
H,O 2 825.2407-825.2560 | 1.14
H,0 2 825.9955-827.1864 | 1.23
H,0 2 825.1387-825.2127 | 1.24
H,O 2 827.3496-827.4159 | 1.26
H,O 2 825.2917-825.3351 | 1.39
H,0 2 825.2586-825.2636 | 1.40
H,0 2 827.4184-827.4312 | 1.44
H,O 2 827.4337-827.4745 |  1.52
H;0 2 827.8646-829.0326 | 1.53
H,0 2 825.3376-825.3504 | 1.57
H,0 3 841.9457-842.2058 { 0.73
H,0 3 852.5155-852.6124 | 1.43
H,O 4 924.8743-924.9126 | 1.21
H,0 5 946.2254-946.7201 | 0.84
H,O 5 973.8827-973.9414 | 0.88
H,0 5 959.4625-959.6486 | 0.98
H,O 5 972.1691-972.3629 | 0.98
H,O 5 954.1049-954.4007 | 1.10
H,0 5 948.6530-949.0049 | 1.11
H,0 5 940.1947-940.4089 | 1.16
H,O 5 959.9368-960.5156 | 1.24
H,0 5 958.5445-959.3681 | 1.28
H,0 5 955.2881-955.3162 | 1.29
H,O 5 955.6732-957.0731 | 1.31
H,0 5 937.0097-937.3616 | 1.32
HyO 5 948.1711-948.2017 | 1.36
H,0 5 947.4469-947.6203 | 1.39
H,0 5 952.6693-952.8019 | 1.39
H,O 5 952.9778-953.2328 | 1.46
H,0 5 940.5721-940.9877 | 1.46
H,0 5 944.2721-944.8510 | 1.47
H,O 5 978.6971-978.8909 | 1.51
H,0 5 938.7539-938.8508 | 1.54

70




Table A15: NH;

Gas | Scenario | Spectral interval | Error
[em™] (%)
NH; 1 867.7084-868.3536 | 1.42
NH; 1 872.2500-872.9308 | 3.03
NH; ! 866.7496-867.6982 | 3.49
NH; 2 887.5907-888.3302 | 1.73
NH,3 2 891.8212-892.3669 | 1.83
NH, 2 908.1973-908.3962 | 2.28
NH; 2 908.0111-908.1947 | 2.31
NH, 3 927.0290-927.3452 | 1.16
NH; 3 929.4923-929.9004 | 1.49
NH; 3 928.4264-928.7477 | 2.38
NH,3 3 923.2652-924.5632 | 2.73
NH; 3 928.7503-928.9645 | 2.98
NH;3 3 925.2899-925.6342 | 3.59
NH; 3 927.8195-928.3805 | 3.67
NH; 3 929.0231-929.2603 | 3.81
NH; 3 927.3478-927.8170 | 4.51
NH, 4 964.9960-965.4014 | 0.91
NH; 4 930.4970-930.8438 | 0.92
NH; 4 967.0589-967.3955 | 1.43
NH, 4 967.3981-967.6174 | 1.55
NH, 4 931.5119-931.8383 | 1.74
NH, 4 951.2974-951.8125 | 1.79 |
NH; 4 929.5586-929.8978 | 2.08
NH, 4 929.9004-930.0839 | 2.20
NHj; 4 963.9837-964,5421 | 2.24
NH; 4 961.8671-962.5811 | 2.31
NH; 4 928.5361-928.7452 | 2.46
NH; 4 965.4040-965.7865 | 2.73
NH; 4 028.7477-928.9645 | 2.87
NH,3 4 933.6386-934.7759 | 3.20
NHj 4 930.0865-930.4945 | 3.22
NH; 4 963.0911-963.4201 | 3.34
NH; 4 966.7631-966.8524 | 3.38
NH; 4 951.8150-952.3276 | 3.62
NH;, 4 931.8408-932.1367 | 3.69
NH; 4 966.8830-967.0436 | 3.77
NH, 4 931.2799-931.5094 | 4.29
NH; 4 963.4226-963.9811 | 4.59
NH;, 4 932.2897-932.9144 | 5.43
NHj 5 992.5156-992.7094 | 1.43
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Table A16: O,

Gas | Scenario | Spectral interval | Error
[cm™"] (%]

O3 I 771.7646-771.7672 | 2.72
O3 1 765.4305-765.4330 | 2.77
04 1 767.0752-767.0778 | 2.79
O3 1 763.9846-763.9897 | 2.80
O3 1 778.0376-778.0402 | 2.83
O3 1 173.3099-773.3125 | 2.85
O3 2 992.1739-992.1765 | 1.81
03 2 994,1247-994.1272 | 1.93
O3 2 993.2015-993.2041 | 1.94
O3 2 995.1498-995.1523 | 1.99
(07 2 993.4999-993.5025 | 2.14
O, 2 994.1629-994.1655 | 2.23
O3 2 993.6376-993.6402 | 2.27
Os 2 993.4311-993.4336 | 2.30
04 2 991.6537-991.6614 | 2.32
O3 2 992.9925-992.9950 | 2.40
O3 2 995.4966-995.4991 | 2.44
O3 2 991.1641-991.1667 | 2.45
O3 2 994.3465-994.3542 | 2.51
O3 2 991.4089-991.4115 | 2.51
O3 2 991.7991-991.8067 | 2.55
O3 2 989.1802-989.1828 | 2.56
O3 2 989.3434-989.3460 | 2.56
O3 2 995.1549-995.1574 1 2.58
(0P 2 992.4672-992.4697 | 2.60
O3 2 994.7673-994.7698 | 2.62
O3 2 989.4097-989.4148 | 2.62
(OF 2 991.2126-991.2151 | 2.62
O3 2 991.4701-991.4727 | 2.63
03 2 994.3644-994.3669 | 2.63
O3 2 992.9976-993.0001 | 2.65
(O 2 990.7638-990.7663 | 2.66
04 2 994.5352-994.5403 | 2.66
03 2 994.4689-994.4740 | 2.70
O3 2 992.9542-992.9695 | 2.72
0; 2 994.1298-994.1323 | 2.76
O3 2 992.1790-992.1816 | 2.78
O, 2 994.5531-994.5633 | 2.78
O3 2 993.2067-993.2092 | 2.80
03 2 994.4766-994.4791 | 2.90
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Table A17: OCS

St _J,__:wm»-.‘smzé;;:;m‘.ugyaA-a-_—:a.‘x,_.,.a;s,u.-,.’.,__gm..' LLOPE VRS SIPR VS SASES P

B

Gas | Scenario | Spectral interval | Error
[em™) (%]
OCS 1 842.5476-844.5340 | 9.34
0CS 1 855.6265-857.4752 | 9,91
0CS 1 848.0530-848.9557 | 10.33
0CS | 845.6560-846.5562 | 10.84
0OCS 1 844.5366-845.6381 | 10.91
0CS 1 849.9732-850.4321 | 12.42 .
0CSs 1 850.4347-850.8172 | 12.53
0CS 1 846.5587-847.0024 | 15,17
0Cs | 850.8197-851,2558 { 15,32
0CSs 1 851.5032-851.9188 | 15.92
0CS 1 863.5075-853.7421 | 16.97
0CS 1 847.0050-847.3339 | 20.06
0CS 1 849.5193-849.9324 | 20.20
0CSs 1 853.7446-854.0914 | 21.18
0CSs 1 847.5838-847.8872 | 23.44
0CS 1 855.2083-855.5780 | 23.61
0CS 1 851.3757-851.5006 | 24.31
0CS 1 847.8898-848.0504 | 25.11
0CS 1 853.1300-853.2499 | 25.89
OCS 1} 854.7978-855.2057 | 26.38
0C5 1 841.0201-841.6550 | 27.98
0CS 1 842.0580-842.5450 | 29.02
0cCs 1 849.1801-849.3968 | 30.18
0OCS 2 870.1028-870.7352 | 9.52
0CSs 2 868.3688-868.9477 | 10.66
OCS 2 866.6986-867.1499 | 11.81
0CS 2 868.9502-869.2767 | 12.16
0CS 2 873.3184-874.2262 | 13.12
0CS 2 869.7305-870.1003 | 13.29
OCS 2 867.4407-867.6242 | 13.64
0CSs 2 868.0960-868.3663 | 13.87
0CS 2 874.2287-875.2742 | 16.00
0CS 2 872.7718-873.3158 | 18.82
0CS 2 871.8827-872.3265 | 22.20
0CS 2 869.2792-869.7280 | 22.42
0Cs 2 870.7455-870.9469 | 25.22
0CS 2 872.6477-872.7753 | 27.98
0CS 2 867.1525-867.2800 | 28.18
0CS 2 875.2768-875.8990 | 28.77
0CSs 2 871.4212-871.6762 | 30.72
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Table A18: COF,

Gas Scenario | Spectral interval | FError

[cm~] (%]
COF, 1 773.5598-773.9933 | 96.02
COF, 1 773.9959-774.1055 | 101.02
COF, 2 956.5938-957.6316 | 71.97
COF, 2 957.9070-958.7663 | 87.07
COF, 2 951.9936-952.7356 | 101.90
COF, 2 950.3080-950.8486 | 146.45
COF, 2 953.6255-954.0055 | 148.94
COF, 3 972.4190-973.0362 | 103.37
COF, 3 968.1707-968.8949 | 112.84
COF, 3 969.7722-970.1266 | 129.91
COF, 3 962.4358-963.2492 | 137.45
COF, 3 969.4356-969.7543 | 139.94
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