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Preface

Under certain conditions, a molecule (or an atom) may absorb or emit a photon. This happens
only for certain "resonant" frequencies which are characteristic of the molecule. From the
microwave to the submillimeterwave ranges, this absorption (or emission) is due to a change
in the rotational energy of the molecule. The rotational energy is quantified and each energy
level is characterized by a few quantum numbers. For an asymmetric top, three integer
numbers are usually used : J the principal quantum number (0 ≤ J ≤ •) and Ka, Kc which are
pseudo-quantum numbers (Ka + Kc = J or J + 1). A rotational transition is denoted :

† 

¢ J ¢ K a ¢ K c ¨ ¢ ¢ J ¢ ¢ K a ¢ ¢ K c

When a fine (internal rotation) or hyperfine (nuclear quadrupole, …) structure is present,
additional quantum numbers are required.
Usually, a rotational spectrum is observed in the ground vibrational state. However, each
vibrational state has its own distinct rotational spectrum which may be observed if it is strong
enough. The vibrationally excited states are characterized by the vibrational quantum numbers
vi ; i = 1, º  3n – 6 (3n – 5 for a linear molecule) where n is the number of atoms in the
molecule.
A characteristic of rotational spectroscopy is its high spectral resolution : it is easy to
distinguish not only molecules in a given vibrational state but also isotopomers and
conformers. Another essential feature of spectroscopy is that it can be operated remotely. For
these reasons, it was used quite early to detect molecules in interstellar space
(radioastronomy). In the early days, prexisting databases were used [KISL52, WACK65] but
they were very incomplete. Only a few frequencies for a small selection of molecules were
tabulated. Furthermore, the information on the intensities was qualitative. New online
databases were set up (mainly by the NIST, National Institute of Standards and Technology,
[LOV92] and by the JPL, Jet propulsion Laboratory [PICK98]) to help in the search of new
species in interstellar space. But these databases only contain the frequency of each transition
(with its relevant quantum numbers) and its intensity which is enough for the goals of the
radioastronomers.
Spectroscopy was also used quite early to study the earth atmosphere. The spectral signature
of molecular oxygen was assigned as early as 1836 by Brewster and ozone was detected in
1880 in the ultra-violet range. However, the first studies were qualitative, the goal being the
detection of new species in the atmosphere.
To obtain quantitative information from an observed spectrum, we need for each line : the
absorption frequency (or line position) n0, the intensity of the line, the line shape, the line
width and the line shift (variation of n0 with pressure). Once a rotational spectrum has been
analyzed in details in the laboratory, it is easy to accurately predict the frequencies of the lines
composing the spectrum. Lines intensities can also be easily calculated once the electric
dipole moment is known (from Stark measurements or from ab initio calculations). Note that
it is true only for a rotational spectrum, the intensities of the lines of a rovibrational spectrum
are still difficult to predict (but are easier to measure).
The line shape and line width, whose knowledge is necessary to determine the concentration
of the species, are strongly dependent on pressure and temperature. They also depend on the
nature of the collisions between the species. The choice of the correct line shape (at least close
to the resonance) is no longer a problem. When the collisional broadening is much larger than
the Doppler broadening (i. e. at the pressures encountered in the upper troposphere or the
lower stratosphere), a Voigt profile gives good results. At low pressure (mainly in the
laboratory), a Galatry profile or, even better, a speed dependent Galatry (or Voigt) profile
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gives excellent results. The line width is a much bigger problem. Accurate calculations of line
widths remain extremely difficult especially for molecules where little information on the
intermolecular potentials are available. Furthermore, temperature dependence calculations of
line widths are still not reliable because no satisfactory theoretical model is available. The
calculation of the line shift is also a challenge but, fortunately, in rotational spectroscopy, it is
negligible for most transitions. In conclusion, laboratory measurements are necessary for line
widths and the results should be included in the databases.
Such databases devoted to atmospheric spectroscopy already exist (for instance: HITRAN:
HIgh-resolution TRANsmission molecular absorption database [ROTH98] or SAO:
Smithsonian Astrophysical Observatory [CHAN94]) but most of the available information is
limited to the infrared range. These databases will be described in chapter one.
The physicochemistry of the earth’s atmosphere has been one of the main subjects of studies
over the last years. The composition of the atmosphere is indeed very important to understand
chemical processes linked to the destruction of stratospheric ozone and to the greenhouse
effect. For these studies, rotational spectroscopy is of particular interest because a number of
components of the atmosphere show strong absorption or emission.
Remote sensing of the Earth's atmosphere from satellite platforms is essential for the
understanding of stratospheric ozone chemistry and climatology because the spatial
concentration of numerous trace gases can be monitored simultaneously on a global scale.
ESA/ESTEC is developing the spaceborne limb-sounding millimeter sensor "MASTER". This
instrument is part of the  "Atmospheric Composition Explorer for Chemistry and Climate
Interactions" (ACHECHEM) project. The major instrumental requirements of MASTER are
given in Table 1.

TABLE 1. Primary instrument requirements for MASTER
Primary targets Height

domain
Band Spectral

Coverage
(GHz)

Spectral
resolution
(MHz)

NEBT/
accuracy
(K)

Vertical
HPBW
(km)

O3,N2O, O2

(pointing)
HNO3

UT/LS B 294.0-305.5 50 1.2/1.0 2.3

H2O, O3 UT/LS C 316.5-325.5 50 1.3/1.0 2.3
CO, HNO3, BrO UT/LS D 342.25-348.75 50 0.5/1.0 2.3
ClO, O3, N2O,

BrO, H2O, CH3Cl
LS E 497.0-506.0 50 0.6/1.0 1.6

HCl, O3 LS F 624.0-626.5 50 2.0/1.0 1.6
(LS=lower stratosphere, UT=upper troposphere, NEBT noise equivalent brightness
temperature, HPBW= antenna half-power beam width)

The mission objectives of this sensor are to perform measurements of spatially variable gases
in appropriate altitude ranges and with adequate vertical resolution. More explicitly,
MASTER will perform limb measurements in the 294-626 GHz spectral region for the
chemical species which are indicated in Table 1.  These molecules are either "target"
molecules whose concenration will be measured or "interfering" molecules whose emission
overlap that of the target molecules.
Spectroscopic measurements of trace gases require accurate knowledge of the molecular
spectra, including their dependence on atmospheric conditions such as temperature and
pressure. In order to provide these data with the highest accuracy, modern experimental and
theoretical techniques have to be employed. Spectroscopic expertise, together with a profound
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understanding of atmospheric remote sensing techniques, is a prerequisite in order to meet the
requirements of the ESA.
In order to retrieve the desired targeted trace gases from the MASTER measurements the
fundamental spectral properties of the atmospheric molecules which emit microwave
radiation within the micro-windows of MASTER must be known. This is true not only for the
targeted species but also for the interfering species.
This is the purpose of the present work to elaborate a new database for the frequency ranges
of the MASTER instrument, concerning the main lines of the recommended species (primary
targets). The data are also of direct relevance for the analysis of the spectra to be observed by
MARSCHALS, the airborne demonstrator for MASTER.
Chapter one of this report is devoted to a literature review of the published data in the
millimeterwave and submillimeterwave ranges. It gives the definition of the parameters
relevant for a retrieval analysis. When possible, it critically evaluates them for the different
species (target and interfering species) and points out the deficiencies.
Chapter two reports an initial retrieval error analysis. Absorption lines interfering with the
target lines may play an important role depending on their concentration and altitude. A
retrieval error analysis is thus necessary in order to make a classification of priority of the
lines to be studied and to prepare an experimental workplan given in Chapter three.
Chapter four reports the experimental work done at PhLAM and LMSB : measurements of
the linewidths (and in some cases temperature dependence) of selected lines. Cross check
measurements have been performed on three lines in both laboratories.
Chapter five summarizes the new calculations of line intensities and partition functions.
Chapter six describes the new database including the new measurements and the new
calculations.
Chapter seven consists in a new retrieval error analysis using the new database. An
intercomparison is made with the initial retrieval error analysis (chapter two) in order to see
the benefits of the work done in the frame of the contract.
The Conclusion reviews the results obtained in this study and makes recommendations for
further studies in the same framework.
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1. Literature review

1.1. Description of the spectroscopic parameters

The purpose of the present paragraph is to describe the parameters which were introduced in
the MASTER database. These line parameters (line positions, line intensities and line
profiles) were collected, depending on the spectroscopic data available either in the HITRAN
(the 2002 version of the database) [ROTH98], or JPL [PICK98] databases or in the literature,
or were measured or calculated within the present contract.

1.1.1. LINE POSITIONS AND LINE INTENSITIES

1.1.1.1. Line positions
 Depending on the databases, the position s of a line is expressed either in cm-1 (for HITRAN
and SAO) or in MHz (JPL) with:

† 

n(in MHz) = s (in cm-1) ⋅ c (1.1)

where c = 29979.2458. In the MASTER database, the line positions are given in MHz.

1.1.1.2. Line intensities
According to the Beer-Lambert law, the transmission of a monochromatic radiation through
an homogeneous sample is described by:

† 

I = I0 exp -a(s)l( ) (1.2)

where a(s) is the absorption coefficient and l is the optical path length. The integrated
absorption coefficient kn of an individual line can be written in the form:

† 

kn = a( ¢ s )d ¢ s 
lineÚ  ¤  a(s ) = kn F(s ) (1.3)

where F(s) is the normalized line profile:

† 

F( ¢ s )d ¢ s =1
lineÚ (1.4)

Because kn depends on the concentration of the absorbing molecules, it is useful to define the
line intensity 

† 

kn
N  (in cm-1/(molecule.cm-2) which is commonly listed in most of the databases

and which is actually used in the MASTER database:

† 

kn
N = kn /N  (1.5)

where N is the column density of absorbing molecules (in molecule/cm-2).
The intensity of a line [FLAU81] is given (in cm-1/(molecule.cm-2) by:

† 

ks
N =

8p 3s
4pe0 3hc Qvr(T)

1- exp -
hcs
kT

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

Ê 

Ë 
Á 

ˆ 

¯ 
˜ exp -

E"
kT

Ê 

Ë 
Á 

ˆ 

¯ 
˜ R"

' (1.6)

where E' and E" are the upper and lower state energies, (E" is also given in the databases),
s = (E’ - E”)/hc is the wavenumber of the transition, Qvr(T) is the total partition function, k is
the Boltzman constant, and 

† 

R"
'  is the square of the matrix element of the electric dipole

moment between the wavefunctions associated with  the upper ' and lower " levels of the
transition.
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Different conventions may be used when dealing with line intensities: in the MASTER
database the line intensities are defined for a pure isotopic sample and at a reference
temperature TREF = 296 K, i.e. :

† 

SMASTER = kn
N (TREF) (1.7)

The line intensity 

† 

kn
N (T) at a different temperature T is obtained from the line intensity at

TREF = 296 K from the relation:

† 

kn
N (T) =

Qvr (296  K)
Qvr (T)

e- ¢ ¢ E / kT - e- ¢ E / kT

e- ¢ ¢ E / kTREF - e- ¢ E / kTREF
kn

N (TREF) (1.8)

where Qvr(T) and Qvr(TREF) are the vibration-rotation partition functions at the temperatures T
and TREF = 296 K. These partition functions [FISC03] are given in the HITRAN and JPL
databases [POYN85, PICK98, ROTH83, ROTH92, ROTH98] for the relevant molecules.

1.1.2. LINE PROFILES

Different line profiles are to be used [SMIT85, SMIT92], depending on the experimental
conditions and of the considered molecules, they are:

1.1.2.1. The Gauss profile
The Gauss profile can be used for lines for which the broadening is only due to the Doppler
effect:

† 

FD ¢ n ( ) =
1

gD

ln 2
p

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

1/ 2

exp -ln 2 n - ¢ n 
gD

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

2Ê 

Ë 
Á 
Á 

ˆ 

¯ 
˜ 
˜ (1.9)

where n  is the line center (in MHz) and gD is the Doppler halfwidth at half maximum
(HWHM, in MHz) which is given by:

† 

gD = 2ln2 k T
mc 2 n ª 3.58x10-7 T

M
n (1.10)

where k is the Boltzman constant, c the speed of the light T the temperature (in K) and M the
molecular weight of the absorbing gas (in atomic mass unit). This means that this broadening
is easily computable and do not need to be quoted in the databases.

1.1.2.2. The Van-Vleck-Weisskopf and the Lorentz profiles: When the broadening results from
the collisions, the conventional linewidth profile in the microwave region is the Van-Vleck-
Weisskopf lineshape:

† 

FVW ¢ n ( ) =
¢ n 

pn
gL

¢ n -n( )2
+ gL

2
+

gL

¢ n + n( )2
+ gL

2

Ê 

Ë 
Á Á 

ˆ 

¯ 
˜ ˜ (1.11)

which at the higher frequency range and/or for narrow lines (i.e. for n >> g
L
 reduces to the

F
L
(s’) Lorentzian line shape:

† 

FL ¢ n ( ) =
1
p

gL

¢ n -n( )2
+ gL

2

Ê 

Ë 
Á Á 

ˆ 

¯ 
˜ ˜ (1.12)

In both expressions g
L
 is the half-width at half maximum.
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For the normal range of pressures encountered in the terrestrial atmosphere, one can consider
that the collision broadened halfwidth for a mixture of gases is linearly dependent on the gas
partial pressures of the different perturbing gases:

† 

gL = gL,i
0 Pi

i
Â (1.13)

In this expression, 

† 

gL,i
0  (expressed in MHz/Torr) and Pi (in Torr) are the broadening

coefficients and the partial pressures respectively. The pressure broadening halfwidth can also
be expressed is (cm-1/atm) unit. Conversion to (MHz/Torr) unit are performed by:

† 

g air in MHz/Torr[ ] = g air in cm-1 /atm[ ] ¥
29979.2458

760
(1.14)

The temperature dependence of 

† 

gL,i
0 (T) is written as:

† 

gL,i
0 (T) = gL,i

0 (T ') T '
T

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

n

(1.15)

One has to point out that contrary to the 

† 

gD (T) Doppler halfwidth which can be calculated
easily at each temperature, both 

† 

gL,i
0 (T) and its n temperature dependence are not easy to

obtain and depend actually not only on the molecule but also on the rotational quantum
numbers; this means that these parameters vary from one line to another one and must be
determined for each individual line.

1.1.2.3. The Voigt profile
The Voigt profile is a convolution of independent Doppler and Lorentz (or Van Vleck-
Weisskopf) profiles and is given by:

† 

FV (s ') = FD (s ') ƒ FL (s ') (1.16)

This profile is to be used when one of the broadenings (Doppler or Lorentz) is not negligible
as compared to the other one. It is easily computable, provided the 

† 

gL,i
0 (T) broadening

parameters are known.

1.1.2.4. Other profiles
The three forms of line shape discussed previously in this section (Doppler, Van Vleck-
Weisskopf or Lorentz, and Voigt) are the ones commonly used in laboratory or for
atmospheric spectra.
However, for some of the atmospheric species which are discussed here the line shapes may
differ from the usual three forms already discussed and it is necessary to use more
complicated descriptions. As an example:

• For water vapor, the Voigt line shape is restricted to a narrow interval around the line
center and the line shape in the far wings may differ substantially from this profile.

• The profiles of lines of HCl may be affected by the so-called Dicke collisional
narrowing. In this case, the lines exhibit a somehow modified Voigt profile, with a
weaker Doppler linewidth.

• For rather dense spectra (CH3Cl), interferences between overlapping lines may occur.
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1.1.3. LINE SHIFTS

The pressure induced line shift effect is described by the d parameter defined as:

† 

s(P,T) = s(P0 = 0) + d(T)P (1.17)

where, s(P) and s (P0 = 0 ) are the position of the line for a pressure P and a reference "zero"
pressure (P0 = 0), respectively. In the literature d is expressed in MHz/Torr or in (cm-1/atm).
One has of course:

d (in MHz/Torr)=  d (in cm-1/atm)⋅(29979.2458/760) (1.18)

It is important to underline that the pressure shift d for the considered molecule may be
positive or negative and depends on the temperature, on the perturbing gas, on the vibrational
band and on the rotational transition (see appendix I).

1.2. Available databases.

To generate the MASTER database, the line parameters were extracted, depending of their
estimated accuracy, (i) from the JPL or HITRAN catalogs of spectroscopic data (ii) from data
taken into the literature or (iii) using experimental data obtained through experimental
measurements performed in Bologna (LMSB) or Lille (PhLAM) during the present contract
or by DLR or LSH within a previous ESA/ESTEC contract [BAUE98a].
The parameters of interest are:

1. Line position [MHz]: n
2. Intensity [cm-1/(molecule.cm-2)]: 

† 

kn
N  or S

3. Air pressure-broadening coefficient (HWHM) [MHz/Torr]: gair = agam
4. Self pressure-broadening coefficient (HWHM) [MHz/Torr]: gself = sgam

Coefficient of temperature dependence for air-broadening (nair = nair) and self-broadening
coefficients (nself = nself).

5. Pressure shift [MHz/Torr]: d
6. Accuracy information

The existing catalogs which cover the millimeter and submillimeter wavelengths are
described in this section.

1.2.1. JPL CATALOG

The submillimeter, millimeter, and microwave spectral line catalog published by the Jet
Propulsion Laboratory (JPL) is available via Internet. It covers the wavenumber range from 0
to 340 cm-1 (0-10 THz), supplies information on 206 atomic and molecular species and
includes a total number of 630,924 lines [POYN85, PICK98]. The catalog is designed for
astronomers and atmospheric scientists and contains therefore a lot of species not relevant to
atmospheric observation.
The JPL catalog is very easy to access via Internet at:

http://spec.jpl.nasa.gov

There are also files with informations about the source of the molecular data, updates and
partition functions.
The JPL catalog include only line positions and line intensities parameters. This means that
the line broadening and line shift parameters are completely absent in this database.
The catalog data tape is composed of 80-character card images, with one card image per
spectral line. The format of each card image is:

14



FREQ ERR LGINT DR ELO GUP TAG QNFMT QN QN
F13.4   F8.4 F8.4 I2 F10.4 I3 I7 I4 6I2 6I2

FREQ:
ERR:
LGINT:
DR:

ELO:
GUP
TAG:

QNFMT:
QN':
QN":

Frequency of the line in MHz.
Estimated or experimental error of FREQ in MHz.
Base 10 logarithm of the integrated intensity in units of nm2.MHz at 300 K
Degrees of freedom in the rotational partition function (0 for atoms, 2 for linear
molecules, and 3 for nonlinear molecules).
Energy in cm-1 relative to the lower state of the transition.
Upper state degeneracy.
Species tag or molecular identifier. The absolute value of TAG is the species tag.
The three first digits of the species tag are coded as the mass number of the
species, as explained below.
Identifies the format of the quantum numbers given in the field QN.
Quantum numbers for the upper state coded according to QNFMT.
Quantum numbers for the lower state.

1.2.1.1. Identification of the species
The atoms/molecules are identified by a TAG number. This tag is a six-digit number in which
the three first digits represent the mass number of the molecule or atom and the last three
digits are an ordering number for the given mass. Usually there is a separate tag for each
vibration-electronic state of a particular molecule.

1.2.1.2. Line positions
The line positions are usually very accurate in the JPL database, and the estimated accuracy
(ERR) is given explicitly. Furthermore, when this data is existing, the experimental value of
the line position is quoted in the database (and indicated by a negative flag in the TAG
number).

1.2.1.3. Line intensities
From LGINT, one can calculate the intensity 

† 

kn
N (JPL at 300K)  (in cm-1/molecule.cm-2)) by:

† 

kn
N (JPL  at  300K) =10LGINT /c (1.19)

with c = 2.99792458x1018. This intensity is quoted for a pure isotopic sample and a
temperature of T = 300 K. The conversion to the intensity 

† 

kn
N (296  K)  at the "reference

temperature" TREF = 296 K can be performed using Eq. (1.8).
The accurary of the intensities is not explicitly indicated in JPL. On the other hand, the source
of the data used for the calculation of the line intensities is clearly indicated in the JPL
catalog, allowing one to estimate the accuracy of these intensities.

1.2.3. HITRAN CATALOG

The HIgh-resolution TRANsmission molecular absorption database of the Air Force
Geophysics Laboratory (HITRAN) (see www.HITRAN.com and [ROTH98]) is available on
the web by anonymous FTP (ftp://cfa-ftp.harvard.esu/pub/HITRAN). The contact is:

Dr. Laurence Rothman (email: lrothman@cfa.harvard.edu)
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It includes 35 species with 46 isotopes, having more than 1,000,000 atmospheric lines in the
wavenumber region from 0 to 23,000 cm-1 (0-700 THz) [ROTH83, ROTH92, ROTH98].
Unfortunatly the bulk of information in this database concerns lines at higher frequency than
the MASTER instruments. However, contrary to the JPL catalog, HITRAN gives the
pressure- broadening coefficients. Also the error and reference code for frequency, intensity,
and halfwidth are -in principle- quoted in the database, but this information is often absent or
not correctly updated.

The HITRAN catalog uses the following 100 character format for the line information:

MO ISO V S R AGAM SGAM E N d V1
V2

Q1
Q2

IERF
IERS
IERH

IREFF
IREFS
IREFH

I2 I1 F12.6 E10.3 R10.3 F5.4 F5.4 F10.4 F4.2 F8.6 2I3 2A9 3I1 3I2

Were each item is defined below:
MO molecule number
ISO isotope number (1 = most abundant, 2 = second, etc)
V frequency of transition in cm-1

S intensity in cm-1/(molecule/cm-2) at 296 K
R transition probability squared in Debyes2

AGAM air-broadened halfwidth (HWHM) in cm-1 atm-1 at 296 K
SGAM self-broadened halfwidth (HWHM) in cm-1 atm-1 at 296 K
E lower state energy (cm-1)
N coefficient of temperature dependence of air-broadened halfwidth
d air- pressure shift (cm-1 atm-1)
V1 upper state global quanta index
V2 lower state global quanta index
Q1 upper state local quanta
Q2 lower state local quanta
IERF accuracy index for frequency reference
IERS accuracy index for intensity reference
IERH accuracy index for halfwidth reference
IREFF lookup index for frequency
IREFS lookup index for intensity
IREFH lookup index for halfwidth

1.2.3.1. Identification of the species
The molecule and the isotopic species are identified by a specific number MO and ISO which
are given in Table 1.1. One has to point the absence of HITRAN data for two molecules of
interest for the MASTER instruments, namely CH3Cl (absent in the spectral range of interest
(0-3 THz)) and the total absence of BrO.
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TABLE 1.1.
Molecules and isotopic species which were considered in the MASTER database.

Code
Molecule

Code
Isotope

Molecule Isotope Isotopic
ratio

1 1 H2O 1-16-1 0.99732
1 2 H2O 1-18-1 0.002
1 3 H2O 1-17-1 0.00037
1 4 HDO 2-16-1 0.00031
3 1 O3 16-16-16 0.9929
3 2 O3 16-16-18 0.00398
3 3 O3 16-18-16 0.00199
3 4 O3 16-16-17 0.00074
3 5 O3 16-17-16 0.00037
4 1 N2O 14-14-16 0.99033
4 2 N2O 14-15-16 0.00364
4 3 N2O 15-14-16 0.00364
5 1 CO 12-16 0.98654
7 2 O2 16-18 0.00399
7 3 O3 16-17 0.00074
9 1 SO2 16-32-16 0.94568
9 2 SO2 16-34-16 0.04195
9 3 SO2 16-33-16 0.0075
9 4 SO2 16-32-18 0.0019
10 1 NO2 0.99162
12 1 HNO3 0.98911
15 1 HCl 35 0.75759
15 2 HCl 37 0.24226
18 1 ClO 35 0.75591
18 2 ClO 37 0.24172
19 1 OCS 16-12-32 0.93739
19 2 OCS 16-12-34 0.04158
19 3 OCS 16-13-32 0.01053
19 5 OCS 16-12-18 0.00188
20 1 H2CO 0.98624
21 1 HOCl 35 0.75579
21 2 HOCl 37 0.24168
23 1 HCN 1-12-14 0.98511
23 2 HCN 1-13-14 0.01197
23 3 HCN 1-12-15 0.00362
24 1 CH3Cl 35 0.74894
24 2 CH3Cl 37 0.23949
25 1 H2O2 0.99495
29 1 COF2 0.98654
33 1 HO2 0.99511
37 1 HOBr 79 0.5056
37 2 HOBr 81 0.4919
40 1 BrO 79 0.5056
40 2 BrO 81 0.4919

1.2.3.2. Line intensities
In HITRAN the line intensities SHITRAN which are given at 296 K are scaled by an assumed
atmospheric isotopic abundance aiso which is given in HITRAN, i.e.

† 

SHITRAN = ks
N (296K).aiso (1.20)
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1.2.3.2. Line broadening and line pressure-shift parameters
Actually, one should point out that the most significant deficiencies which were raised up for
the microwave-submillimeter spectral range in either the HITRAN or SAO database concern
the pressure -broadening parameters. Without going into details (this problem is discussed in
detail in the individual reports on the different target molecules), one should underline the
following points:

• The air- broadening parameters quoted in HITRAN are often not very accurate for the
spectral range corresponding to the MASTER instruments: this is because these data
are significantly deficient in the litterature, and the quoted values come from
evaluations from infrared measurements or calculations.

• Very often, the self-broadening parameters are missing in this database. However,
because of the low concentration of the involved species in the atmosphere, this self-
broadening effect may be considered as negligible, except for water vapor because of
the strong value of the self-broadening parameters and its high abundance in the
troposphere.

• The n-temperature dependences of the air-broadening or self-broadening parameters
are often set to a "default" value (n = 0.5 or n = 0.7) which means "we don't know".

1.2.3.3. Line shift parameters
The air pressure shift of the line transition is quoted in cm-1/atm units in HITRAN (see
Eq. (1.18) for the conversion to MHz/Torr). This parameter is often missing in this database
(i.e. set to zero). However, except for HCl and maybe H2O, the line pressure shift may usually
be neglected (see appendix I and chapter 4).

1.2.3.4. Accuracies and references
The accuracy of the parameters is "in principle" defined by the IERF, IERS and IERH
indexes for the frequency, intensity and pressure broadening coefficients accuracies,
respectively. Their definition is given on the website of HITRAN. Also, IREFF, IREFS
IREFH give, in principle, the references for the sources of the data. In fact these indexes are
not always updated in the current version of HITRAN. As an example, most of the HITRAN
lines have only an undefined error IERF = 0 in the catalog version of 1992 and 1996. This
accuracy has then to be estimated by checking carefully the references which are given in the
review papers describing the HITRAN database [ROTH83, ROTH92, ROTH98].

1.3. Bromide monoxide (BrO)

As ClO, the BrO radical plays an important role in the stratospheric chemistry of ozone
[SALA93, MART99]. In spite of this, the BrO radical is completely absent from the HITRAN
database.

1.3.1. LINE POSITIONS AND INTENSITIES

BrO has been the subject of several microwave and submillimeter studies involving the v = 0
and v = 1 vibrational states of the 2P3/2 (ground state) [AMAN72, BROW72, COHE87].
To reproduce the line positions in the microwave region, one has to account for the L
doubling for the 2P3/2 state and for the various hyperfine effects. More explicitly, because the
nuclear spin of Br in 79BrO and 81BrO is equal to I = 3/2, each rotational component (with a
given J value) is split in general into four F  (F  = J + I) components corresponding to
|F - J| = 3/2 or 1/2. A recent and very accurate determination of the BrO line position
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parameters was performed in [DROU01a]: these parameters are those which were used in
very recent update performed for BrO in the JPL database.
The BrO dipole moment in the 2P3/2 state was determined by Amano et al. [AMAN72]. We
assume that this is the value which was used to generate the line intensities quoted in the JPL
database since no indication is given on this point.

1.3.2. PARTITION FUNCTION

Since the BrO molecule is absent in the HITRAN database, it was necessary for the purpose
of the present study to perform the calculation of the partition function of BrO. These results
are presented in Chapter 5.

1.3.3. LINE BROADENING PARAMETERS

The measurement of the BrO air-broadening parameter and of its n-temperature dependence
was performed at DLR for the 499.6 GHz line [BAUE98a]: the experimental value
gair = 3.89(35) MHz/Torr (at 240 K) and n = 0.45(18) was quoted in the database for the

499.6 GHz line and for some additional (very weak) lines of BrO which appear in the line list
of the database because of the intensity lower limit: for these very weak lines the accuracy of
the air broadening parameters was assumed to be less good because these parameters are
likely to depend on the rotational quantum numbers.
No value of the self-broadening parameter is presently available: however this should not be a
problem because of the very low concentration of BrO in the atmosphere.
As far as the air-broadening parameters are concerned, BrO was the subject of an
experimental study during the last ESA/ESTEC contract [BAUE98a]. Maybe another
experimental study could be useful.

1.4. Methyl Chloride (CH3Cl)

Methyl chloride is the most abundant chlorine containing compound of natural origin on the
earth [PARK86].

1.4.1. LINE POSITIONS AND INTENSITIES

Methyl chloride is a symmetric top molecule, and to calculate the line positions in the
microwave and far infrared spectral regions, it is necessary to account for the hyperfine
structure (quadrupolar electric) which is due to the nuclear spin of chlorine. However, for
rather high values of the rotational quantum number J, this structure is clustered to within one
MHz (or less).
Numerous microwave measurements of both the CH3

35Cl and CH3
37Cl isotopic species were

performed, and these results were completed by analyses performed in the n6 and n4 band
[WLOD85a, WLOD85b, WLOD86, CARP85, DEMA94], leading to accurate line position
parameters for methyl chloride in the microwave and millimeter spectral regions.
Also a very accurate determination of the permanent dipole moment of this molecule was
achieved by laser-Stark spectroscopy [WLOD85b]. Most of these recent parameters were
used to generate the linelist (positions and intensities) which is now available for methyl
chloride on the JPL database.
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1.4.2. LINE SHAPE PARAMETERS

1.4.2.1. Line broadening
For CH3Cl, self broadening linewidth measurements were performed in the microwave region
[HARD94, HARD97a, HARD97b] and the value gself ~ 20 MHz/Torr which was obtained
indicates that this effect is negligible here. Very recently N2- and O2-line broadenings were
measured for the J = 14-13 rotational lines of 12CH3

35Cl located near 372 GHz [BAKR02].
For the K = 5  transition, the n-temperature dependence was also achieved.
In the infrared region, numerous recent analyses were performed. The N2- and O2-broadening
halfwidths were measured at room temperature in the n3 band. Also theoretical calculations of
these broadening parameters were performed [BOUA93a]. In both cases (theory and
experiment) a variation with the J and K quantum numbers was pointed out. More precisely,
the N2-halfwidths (resp. the O2-linewidths) vary from gN2 ~ 4.7MHz/Torr for J = 3 to
gN2 ~ 3.9MHz/Torr for J = 46 (resp. gO2 ~ 3.7MHz/Torr for J = 3 to gO2 ~ 2.9 MHz/Torr for
J = 46). More recently, the temperature dependence of the N2-broadening was measured and
in this case also a J-dependence was pointed out [BAKR02].
It may be necessary, for microwave studies to have a more explicit J- and/or K description for
these linewidths. In this case, by adjusting the existing experimental data, the J and K
rotational dependence of the line broadening will be achieved by using a method similar to
the one adopted for nitric acid.

1.4.2.2. Line shift
To our knowledge only self pressure shift was measured and this study only concerns the
J = 0-1 hyperfine transitions of CH3

35Cl at 26.5 GHz [HOM81, MACG76]. This effect is
predicted to be very weak and was not considered in the MASTER database.

1.4.2.3. Other effects
Collisional line mixing effects were observed in the infrared spectral region [BLAN93a,
BLAN93b]. These interferences occur between overlapping lines in the rather dense spectra.
The (possible ?) existence of collisional line mixing effects may have to be considered in the
504 GHz spectral region.
Finally rotational energy transfers due to collisions were studied for CH3Cl [PAPE94,
PAPE97]: this effect is not relevant for the purpose of this contract.

1.5. Carbon monoxide (CO)

Carbon monoxide plays an important role in the photochemistry of the earth atmosphere as it
results from the dissociation of CO2 in the mesosphere [CLAN84]. It has been also observed
in a variety of environments such as stars, planets and circumstellar and interstellar media
[SCHU95].
Only the available data for the 12C16O isotopic species will be reported, although there exists
similar results for other species. This is because only lines from this isotopic species are
observable within the spectral range of MASTER.
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1.5.1. LINE POSITIONS AND INTENSITIES

Numerous line positions and intensities measurements were performed both in the microwave
and in the infrared spectral range [WINN85, WINN97, CAZZ02a, CAZZ02b, KLAP00a,
KLAP00b, KLAP01].
As far as this study is concerned, the 12C16O line located at 345795.98(5) MHz will be used
for the MASTER measurements of CO and the line position which is quoted in the database is
the position measured at high accuracy by Nolt et al. [NOLT87].
When dealing with line intensities, two measurements of the CO dipole moment were
performed by Stark effect leading to fully compatible results [MUEN75, MEER77]. These
data were used to generate the linelist intensities quoted in the JPL database, and we did not
identify any problem concerning these calculated line intensities.

1.5.2. LINE WIDTHS

Numerous self- , N2- , O2-, CO2-, He- and H2-line broadening measurements were performed
mostly in the infrared region. During these studies a regular dependence of the line
broadening parameters with the rotational quantum number m (m = –J or J + 1 for a P- and R-
line respectively) was pointed out. Some measurements involve also the millimeter region
[COLM86, PUZZ02, SEMM87, MARK02], but the results at 115 GHz, 230 GHz or 576.3
GHz are not transposable at 345.8 GHz. In addition, in Ref. [PUZZ02] different type of line
shape profiles (Galatry, Rautian, and Voigt) are investigated in detail.
Therefore it was decided during the previous ESA/ESTEC study to perform measurements of
the N2- and O2-line broadening parameters for the 345.8 GHz CO line, and these experimental
studies were performed [BAUE98a] in Lille and at DLR. The values gair = 3.1912 MHz/Torr
(at 240 K) and n = 0.773(80) which are presently implemented at 345.8 GHz in the MASTER
database for the air broadening parameters at T = 240 K and its temperature dependence are
those which were obtained at that time. These parameters were implemented assuming a
Voigt profile for this CO line.
However, from the study performed in [PRIE00a], it is important to point out that the
modeling of this CO line shape can be significantly improved if the line is analyzed using a
more sophisticated line shape (for example a "Galatry" profile) [PRIE00a]. The experimental
parameters for such improvement already exist in Ref. [PRIE00a] and only efforts in the
software of the users of the database have to be considered.

1.5.3. LINE SHIFTS

Line shift investigations were performed in the pure rotational band and in the fundamental
(1 ¨ 0 near 2058 cm-1 ) and first overtone bands (2 ¨ 0 near 4270 cm-1). One may underline
the following points:

• For the fundamental band (1 ¨ 0 near 2058 cm-1 ) for both N2 and O2 perturbers, the
values of line pressure shift coefficients at 296 K vary between –0.09 MHz/Torr and
–0.03MHz/Torr depending of the considered rotational transition [SUMP98].

• For the first overtone (2 ¨  0 near 4270 cm-1) the shift coefficients are of about
0.2 MHz/Torr for both N2 and O2 perturbers [BOUA96a, BOUA96b].

These results are of course not transferable for the pure rotation band. Few tentative
measurements of the N2- and O2- pressure shifts parameters for the CO pure rotational band
were performed and for example the pressure shift was measured as negligible both by Beaky
et al. [BEAK96] and Nerf et al. [NERF75b]. In our opinion the most accurate tentative
measurement was performed by Markov et al. [MARK02] for the J = 5 ¨ 4 transition at
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576.3 MHz: they give the values (5 ± 5) kHz/Torr and (6 ± 6) kHz/Torr for the shift due to the
N2- and O2- perturbers respectively.
To be more complete, for the pure rotational band, the pressure shift is non negligible only for
a Helium perturber and for very low temperatures (starting from 0.1 MHz/Torr at temperature
lower than 41 K) [BEAK96]. This is clearly a quantum effect which is out of the scope of the
present contract.
In conclusion it is clear that the lineshift effects is not to be considered for CO in the scope of
the present contract.

1.6. Chlorine monoxide (ClO)

The importance of ClO as a catalytic species in stratospheric ozone is of current interest.
Actually most of the stratospheric measurements of ClO are performed in the microwave or
millimeter spectral ranges [CREW95, GHOS97, FEIS00].

1.6.1. LINE POSITIONS AND INTENSITIES

In the millimeter spectral region, the lines are transitions within the 2PW (with W = 1/2 and
3/2) To calculate line positions, it is necessary to account for the spin-rotation, the spin- orbit
interactions, the L doubling, and the hyperfine structure. Details can be found in Refs.
[COHE84, DROU01b].
Numerous line positions studies were performed recently in the infrared region or microwave
spectral regions [COHE84, BURK87, RINS92, DROU01b]. The ClO linelist which is present
in the JPL database was generated in 1991, and there is no doubt that the quoted line positions
are of excellent quality even if the most recent line position results [DROU01b] were not
used. This high quality is due to the fact that the submillimeter spectrum of ClO was
extensively measured by E. Cohen [COHE84, DROU01b] which is one of the authors of the
JPL database.
The line intensities were computed using the ClO dipole moment which was measured by
Yaron et al. [YARO88]. This line intensity calculation was performed using a correct
calculation of the partition function (both the rotational and vibrational parts were accounted
for). Therefore, we believe that line intensities quoted in the JPL database are of good quality.

1.6.2. LINE BROADENING PARAMETERS

The air broadening parameter and its temperature dependence were measured at DLR for the
501.2 GHz line, during the last ESA/ESTEC contract [BAUE98a]. These broadening
parameters namely gair = 3.71(15)MHz/Torr at 240 K and n = 0.69(6) are in excellent
agreement with the mean value of the parameters quoted by Oh and Cohen [OH94] for the
204.4 and 649.4 GHz.
Finally, to our knowledge, there exists no value of the ClO self broadening parameter.
However this should not be a problem because of the low concentration of ClO in the
atmosphere.

1.7. Hydrogen chloride (HCl)

Hydrogen chloride has a relevant role in atmospheric chemistry as it is the main reservoir of
chorine in the stratosphere and plays an important role in chemistry [RINS96, ZAND96].
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1.7.1. LINE POSITIONS AND LINE INTENSITIES

For the hydrogen chloride molecule, it is necessary to take into account the hyperfine
structure to get accurate line positions and line intensities in the microwave or submillimeter
spectral region. This hyperfine structure was taken into account both in the JPL and in the
HITRAN databases.
 Two HCl rotational transitions (with a triplet hyperfine structure) are observable at 625.0
GHz and 625.9 GHz within the channel F of MASTER: they correspond to the J' - J" = 1-0
transitions of the H

37
Cl and H

35
Cl isotopic species of hydrogen chloride, respectively.

The line positions that we used are the experimental positions measured at high accuracy by
Klaus et al. [KLAU98]. These excellent measurements are in perfect agreement with the
previous line positions achieved by Nolt [NOLT87]. We consider these line positions as of
excellent quality.
The line intensities in the JPL and HITRAN databases were generated using the value of the
HCl dipole moment which was measured by Stark effect [KAIS70, DELE73]. For this
calculation the partition function which was used in the JPL catalog is in excellent agreement
with the value quoted in HITRAN. The intensities quoted in the JPL catalog are 2% weaker
than those in the HITRAN database. We decided to implement in the MASTER database the
HCl line intensities quoted in HITRAN since these parameter are those which were used in
the SAO catalog. This is justified since the authors of this catalog [CHAN94] are involved in
extensive study related to the HCl molecule in the millimeter region [NOLT87, PARK91].

1.7.2. LINE SHAPE PARAMETERS

1.7.2.1. Pressure broadening
Various HCl broadening studies were performed, they involve: self-, Ar-, and N2-broadening
measurements for the pure rotation band [POUR81, SERG86]. One may estimate the self-
broadening parameter at gself ~ 9 MHz/Torr, which is negligible within the scope of this
contract.
Very recently, Park et al. [PARK91] and Drouin [DROU04a] did pressure broadening
measurements on the rotational J = 4 ¨ 3 and the J = 1 ¨ 0 lines located at 2.5 THz and
625 GHz ,respectively: the N2- and O2-broadening coefficients were measured at 296 K and
their temperature dependence was also achieved. From these measurements, they estimate the
n-exponent temperature dependence at about n = 0.58(2) for the N2-broadening [PARK91]
and  n = 0.73(3) for the air-broadening [DROU04a].
- For the 1 ¨ 0 fundamental band at 2886 cm-1, the self- the N2- and the air-line broadening
parameters were measured [HOUD79, PINE85, PINE87, BALL85, CHAC85]. The air
broadening parameter is strongly dependent on the m rotational number (m = –J and m = J + 1
for the P- and R-line respectively) and varies (at 296 K) from about ~0.5 MHz/Torr to 4
MHz/Torr.
The n-temperature exponents of the linewidths are also strongly depending on the m rotational
number. As an example, for the n-temperature dependence of the air broadening parameters
Ballard et al. [BALL85] obtained the values n = 0.20(16) for m = –8, n = 0.88(7) for m = –2,
n = 0.78(2) for m = 1 and n = 0.25(6) for m = 8.
Further self- and N2- line broadening measurements involve the 2 ¨ 1 overtone [VAID93].

1.7.2.2. Pressure shift
For the pure rotation band, pressure shift measurements were performed for the J' = 4 ¨ 3
and the J’ = 1¨0 lines located at 2.5 THz [PARK91] and 625GHz [DROU04a], respectively.
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They obtained positive values for the air-shift parameters (respectively +0.109(32) and
+0.146(3)MHz/Torr).
There exist also line shift measurements for the fundamental band (v = 1 ¨ 0 vibrational
transition at 2886 cm-1) [HOUD79, PINE87] and for the first overtone (v = 2 ¨ 1 at 5668
cm-1) [ROSA01].
One would like to underline the following points:

• These results show a rather strong J- dependence of the shifts. This is demonstrated in
Table 1.2 which gives the air-pressure shift for the fundamental band: for this band the
air-shifts are negative for most of the transitions (with the exception of the R(0)
transition).

• There exist a strong vibrational dependence of the air-pressure shift. More explicitly
the air-pressure shifts determined for the J' = 4 ¨ 3 transition at room temperature are
very different in the pure rotation band (+0.109 MHz/Torr), the fundamental (–0.22
MHz/Torr) and the first overtone (–0.45MHz/Torr).

Therefore it is not reasonable to try to get a reliable estimation of the air pressure shift for one
HCl pure rotational transition from the results achieved from other HCl rotational transitions
(and/or) from other vibrational transitions.

TABLE 1.2. Air- pressure shift (in MHz/Torr)at 295 K
for the fundamental band (v=1 ¨ 0) of HCl [PINE87].

R(10) R(9) R(8) R(7) R(6) R(5) R(4) R(3) R(2) R(1) R(0)
-0.48 -0.50 -0.51 -0.50 -0.48 -0.42 -0.32 -0.22 -0.19 -0.16 +0.04

P(1) P(2) P(3) P(4) P(5) P(6) P(7) P(8) P(9) P(10)
-0.28 -0.17 -0.23 -0.31 -0.30 -0.30 -0.29 -0.31 -0.33 -0.36

1.8. Nitric acid (HNO3)

A large number of high resolution infrared and microwave studies have been devoted recently
to nitric acid because of its atmospheric importance [PERR98b].
For the description of the nitric acid contribution in the spectral ranges of MASTER it is
necessary to take into account numerous lines. The HNO3 spectrum is indeed very dense
because of the low values of the rotational parameters of this molecule (A ~ B ~ 13 GHz,
C ~ 6.2 GHz). In addition, the first vibrational states of nitric acid are located at a rather low
energy, and for the scope of the present study, it was necessary to take into account transitions
within the n9, n7 , n6, n8, n5, and, 2n9 vibrational states (hereafter referred as "hot" transitions)
in addition to those within the ground vibrational state (hereafter referred as "cold
transitions"). Actually these "hot" transitions contribute for about 23% at 296 K to the total
HNO3 line intensities in the MASTER window.
Numerous recent microwave or millimeter studies involve line position studies for transitions
not only in the ground vibrational state but also in the n9, n7 , n6, n8, n5, and 2n9, vibrational
states located at 458, 580, 647, 763, 879 and 896 cm-1, respectively [CROW88, PAUL96,
GOYE96, PETK01]. It is important to underline that some of these studies had to take into the
fact that the n9 mode located at 458 cm-1 (OH torsional mode relative to the NO2 radical) is a
"large amplitude motion". This effect induces a splitting of about 2 MHz, 35 MHz and 51
MHz for the energy levels in the v9 = 1, v5 = 1 and v9 = 2 vibrational states, respectively. This
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effect was, of course, neglected in the previous MASTER study and is not considered either
in the present version of the HITRAN and JPL databases.

1.8.1. STATUS OF HNO3 IN HITRAN OR THE JPL DATABASES

We would like to mention that no updates were performed either in the HITRAN or in the
JPL database since 1990 for nitric acid in the 290-630 GHz region. Because strong errors in
line intensities and in line positions were identified in both databases, the nitric acid linelist
was completely recalculated for the purpose of the present study (see Chapter 5).

1.8.1.1. The HITRAN database
Only the transitions within the ground state, hereafter referred as "cold transitions", are
included in HITRAN. This linelist was generated in 1983 [ROTH83] by H. Pickett (from the
Jet Propulsion Laboratory), using the parameters of Cazzoli et al. [CAZZ79]. Since this date,
new line positions measurements were performed for HNO3 which enable us to increase the
quality of the line positions. This HITRAN linelist is therefore just an earlier version of the
present JPL linelist. We would like to mention that the HNO3 line intensities quoted in
HITRAN are quite similar to those in the JPL database for the ground vibrational state, and
this is not a surprise since these intensities were generated using the same intensity parameters
and the same method than for the JPL linelist (see farther in the text). For all those reasons,
we did not use the HITRAN database to generate the MASTER HNO3 lines.

1.8.1.2. The JPL database
In the JPL database the quoted lines involve transitions within various excited vibrational
states (n9, n6, n7, n8, n5 and 2n9) in addition with those within the ground state.
In fact, as will be seen below, these parameters are of poor quality. The intensities are about
systematically 30% stronger than they should be. In addition the line positions for the n9, n5

and 2n9 are incorrect.

1.8.2. THE LINE POSITIONS IN THE JPL LINELIST

 The line positions quoted the JPL database are in excellent agreement with the measured
frequencies available in the literature for transitions within the ground state, the n6, the n7, and
the n8 states.
On the other hand these positions are of poor quality for the transitions within the n9, n5 and
2n9 states. In fact, the prediction of the line positions for these transitions require a more
sophisticated model since these three states involve the n9 vibrational mode which for HNO3

is a large amplitude mode. Since the generation of the JPL nitric acid linelist in 1990,
significant progresses for these hot lines were obtained in the recent literature [PAUL96]. We
used a new theoretical model and the best available parameters to generate a new linelist for
HNO3 and the results are presented in paragraph 5.3.

1.8.3. LINE INTENSITIES

The calculation of the HNO3 line intensities is described in details in Chapter 5. To perform
this calculation it is necessary (i) to know precisely the permanent dipole moment m0 of HNO3

and (ii) to use the correct value  for the partition function Z(T) of nitric acid at the temperature
T.
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The nitric acid m0 permanent dipole moment was measured by Stark effect [KLEI87, COX65].
These two measurements lead to similar values for m0, and this dipole moment was used for
the JPL calculation of the HNO3 line intensities, and this is satisfactory.
On the other hand, the values used in the JPL catalog for the partition function Z(T) are
incorrect. This partition function involves (as usual) both a vibrational and a rotational
contribution. More explicitly one has:

ZTot(T)=Zrot(T)⋅Zvib(T) (1.21)
where:

† 

Zrot (T) = (2J +1) . exp-E [J ,Ka,Kc ] / kT

[J ,Ka,Kc ]
Â (1.22)

and

† 

Zvib(T) = (1- e-Evib / kT )-1

vib
Â (1.23)

In fact as it will be shown in Paragraph 5.3, only the rotational part of the partition function
was accounted for in the JPL calculation. Because of the existence of rather low vibrational
states for HNO3, the vibrational part of the partition function contributes for about 30% at
T = 296 K (ZVIB(300K) ~ 1.3). Therefore we can conclude that all HNO3 lines present in the
JPL catalog are quoted with intensities which are systematically too strong by 30%. Since this
error is rather important, we decided to perform a new calculation for all HNO3 transitions
("cold" and "hot" transitions). The results of these computations (which are described in
paragraph. 5.3) were included in the MASTER database at the early stage of this study.

1.8.4. LINE BROADENING PARAMETERS FOR HNO3

1.8.4.1. Self-broadening
Although the HNO3 self-broadening coefficient is rather large (between 27 and 35
MHz/Torr), this effect may be neglected because of the low concentration of HNO3 in the
atmosphere.

1.8.4.2. Air- N2- and O2- line broadening parameters
The only existing line broadening calculation was performed some years ago by Tejwani and
Yeung [TEJW78]. Since this early work, performed using the Anderson theory, no new line
broadening calculation was published to our knowledge.
There exist few line broadening measurements for HNO3. The most accurate were performed
in the microwave or submillimeter spectral region [GOYE88, GOYE91, GOYE98, ZU02],
because these measurements were performed for well-isolated lines. Unfortunately, most of
these works were performed at room temperature. This is understandable because at low
temperature the HNO3 vapor pressure become very low.
Depending on the rotational transition, the nitrogen- and oxygen- broadening coefficients are
between gN2 = 4.17 MHz/Torr and 4.88 MHz/Torr and between gO2 = 2.31 MHz/Torr and 2.96
MHz/Torr respectively. The only n-temperature dependence obtained is nN2 = 0.64 to 0.74
and nO2 = 0.67 to 0.84 for N2 and O2 respectively [GOYE91, GOYE98].
One of the conclusions is that it seems necessary to have a line by line description of the line
broadening.
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1.9. Nitrous oxide (N2O)

Nitrous oxide is a long lived species and the mass fluxes of N2O in the lower stratosphere can
be estimated from data obtained by the cryogenic limb array etalon spectrometer (CLAES)
[GETT97, ELUS96] or by microwave studies [PARR92].

1.9.1. LINE POSITIONS

Because of its atmospheric importance, N2O has been the subject of numerous studies
involving line positions, line intensities [LOVA78, REIN78, TEFF94, LYUL95].
The experimental line positions in the microwave region can be found in the compilation
performed by Lovas ([LOVA78] and references therein). These line positions, which are well
known, are those which are quoted in the JPL database.

1.9.2. LINE INTENSITIES

The line intensities which are quoted in the JPL database used the dipole moment obtained by
Stark effect [SCHA70]. This measurement of the N2O permanent dipole moment is, in our
opinion, of excellent accuracy. On the other hand and, as for HNO3, only the rotational part of
the partition function was accounted for in the JPL calculation, whereas as usual, both the
vibrational and rotational parts should be accounted for (see Eqs. 1.21 – 1.23). Because of the
existence of rather low vibrational states for N2O, the vibrational part of the partition function
contributes for ZVib(300 K) = 1.1340, leading to an overall overestimation of the line
intensities of about 13% for N2O in the JPL catalog. We had therefore to perform a new
calculation of the line intensities for N2O and details on these calculations are given in
Paragraph 5.5.

1.9.3. LINE BROADENING

Because of its atmospheric importance, N2O was the subject of numerous studies involving
line broadening in the infrared spectral region. They include:
ÿ theoretical calculations performed by Tejwani and Varanasi [TEJW71].
ÿ experimental studies [TUBB72, TUBB73, FREN68, LACO83].
From these results it is clear that these line broadening parameters depend on the |m| rotational
quantum number (m = J + 1 for R(J) and m = –J for P(J)) and to a lesser extent on the
considered band.
The orders of magnitude in the IR region are:
ÿ For the self-broadening (in MHz/Torr) : gself = 6.4 for |m| = 1 and gself = 3.1 for |m|=40,

which means that this effect can be neglected for MASTER because of the weak
concentration of N2O in the atmosphere.

ÿ For the N2- and O2-broadening (in MHz/Torr) : 4 ≥gN2 ≥ 2.94 and 3.3 ≥gO2 ≥ 2.3 for
1 ≤ |m| ≤ 40.

ÿ For the n–temperature dependence of the self- N2- and O2-broadening parameters about
n = 0.7 without noticeable |m| dependence.

On the other hand, to our knowledge, very few recent pressure-broadening measurements
were performed in the microwave region:
ÿ at 150.7 GHz, French and Arnold [FREN68] measured the broadening by different

perturbers (Ar, Ne, N2, NO, CO2, H2O, NH3 and N2O) but there was no temperature
dependence study of these parameters.
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ÿ at 226 GHz, the self- N2- and O2- broadening parameters were measured at different
temperatures [COLM87].

ÿ at 201 GHz,  552.5 GHz and  557.6 GHz the N2- and O2- broadening parameters were
measured at different temperatures [ROHA03] .

ÿ at 627.7 GHz and 652.8 GHz, the  N2- and O2-broadening parameters were measured at
room temperature  [MORI03].

1.10. Molecular oxygen: the 18O16O and 17O16O isotopic species

The rotational structure of oxygen molecule in its ground electronic state X3S
-
g is described

more or less by the Hund's case (b) coupling scheme (with 

† 

J = N + S). This means that the
rotational quantum number N is a rather good quantum number, and the total angular
momentum quantum number J takes the value J = N – 1, N and N + 1. Both the 18O16O and
17O16O species are to be considered for MASTER, the 16O2 isotopic species being outside the
windows of the instrument.

1.10.1. LINE POSITIONS

The 18O16O and 17O16O isotopic species were the subject of numerous studies [KRUP72,
[AMAN74], [STEI75], [CROW90], [MIZU91], and [CAZZ81] which involve both
measurements and calculations. Therefore, as far as the frequency range of MASTER is
concerned, accurate line position parameters are available.

1.10.2. LINE INTENSITIES

The line intensities which are quoted in the HITRAN and JPL databases were calculated using
the g factor quoted in Refs. [BOWE59, STEI75]. The description of the method is given in
Ref. [DANG90]. The intensities quoted in the JPL and HITRAN database are in excellent
agreement with the intensities given by Mizushima and Yamamoto [MIZU91].

1.10.3. ZEEMAN EFFECT

The observation of a Zeeman substructure for the 21 ¨ 01 rotational transition located at
233.9 GHz was described in Ref. [PARD95]. The observation of various types of ±2.5 MHz
substructures was performed from the ground by the 2.5 m-radiotelescope POM-2 of IRAM
(Institut de RadioAstronomie Millimétrique) located at "Plateau de Bure" in the French Alps
depending on the orientation of the millimetric radiotelecope relative to the geomagnetic
field. Similar observation was also performed by [SAND97]. This effect, which was also
pointed out for 16O2 [LIEB92], may be of importance for the retrievals.

1.10.4. LINE SHAPE

Different line shape measurements were performed for the main 16O2 isotopic species of the
oxygen molecule. We will describe only those performed in the microwave region.
- an extensive study performed at 60 GHz for 16O2 in [LIEB92]. The 60 GHz region

corresponds to a narrow Q- branch structure and interference effects result from this line
mixing. Since we are dealing with "well isolated" 18O16O and 17O16O lines, this effect does
not have to be considered.
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- A self broadening of 2.43 MHz/Torr was measured in [ZINK87]  for the N = 15 ¨ 13 line
at 2.502 THz.

- The line broadening parameters for collision with oxygen, nitrogen, water etc… were
measured together with their temperature dependence for the 119 GHz and 425 GHz by
Setzer and Pickett [SETZ77, PICK81a]. Also, the n-exponent temperature dependence of
these linewidths was found to be about n ~ 0.7 – 0.75.

- New N2- and O2-line broadening parameters measurements were performed very recently
by  Tretyakov et al. [TRET01,TRET04] and by Golubiatnikov et al. [TRET04]. These
new values differ somehow from the earlier values achieved by Pickett et al. [PICK81a].
On the other hand, and contrary to [PICK81a], the gO2 and gN2 from Golubiatnikov et al.
[TRET04] exhibit a rather smooth and continuum decreasing behavior with the rotational
quantum numbers. These new values agree reasonably with the values achieved in the
electronic A band transitions measured in [BROW00]. For this reason we are rather
confident in these new parameters and decided to incorporate them in the MASTER
database.

The air pressure shift of the 119 GHz line was measured in Ref. [TRET01], but these results
appeared to be incorrect, since the “apparent” shift is actually a line mixing effect [TRET04].
To our knowledge, the only existing self pressure shift measurements were performed in the
infrared [MILL96, PHIL95]. The results, for example d ~ –0.16 MHz/Torr [MILL96] cannot
be extrapolated to the microwave region.

1.11. Ozone (O3)

Because of its stratospheric importance, this molecule has been the subject of long-term
efforts to improve our knowledge of its infrared absorption [FLAU90a, FLAU90b]. Also the
microwave, submillimeter and far infrared spectral regions were investigated in detail for this
molecule.
Ozone is a non-linear triatomic molecule with three vibrational modes located at 1103, 701
and 1042 cm-1 for the w 1 (symmetric stretching), w2 (bending) and w3 (antisymmetric
stretching) modes respectively. When dealing with energy levels belonging to the v1 = 1 and
v3 = 1 vibrational states, one has to take into account the resonances due to the vicinity of the
w1 and w3 modes.

1.11.1. LINE POSITIONS AND INTENSITIES

Ozone has been the subject of numerous studies in the microwave and millimeter regions. The
most relevant references are quoted in the following compilations [LOVA78, PICK85,
PICK88, FLAU90a, FLAU90b, WAGN02, FLAU03a, FLAU03b]. For the 16O3 main isotopic
species the microwave studies include the first excited vibrational states [PICK85, PICK88].
Also all possible combinations of 18O- and 17O-isotopic species of ozone were studied in the
ground vibrational state [COLM95a, COLM95b] and some of them deal with the first (0,1,0)
excited state.
The line positions in the microwave and millimeter ranges are, in our opinion correctly
calculated in the JPL database for the main isotopic species and for all “cold” band of the
16O18O16O and 16O16O18O less abundant species: these positions are the ones which were used
for the present MASTER database. On the other hand, we discovered that the energy levels
were all wrong in the JPL database for the v2 = 1 state in linelist for the 16O18O16O and
16O16O18O isotopic species. For an "unknown reason", the linelist of JPL was generated using
an incorrect value for the n2 band center. More precisely, the value 678 cm-1 and 693 cm-1 was
used instead of 693.3057 and 684.6134 cm-1 for 16O18O16O and 16O16O18O, respectively. This
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error can lead to an incorrect temperature dependence of the line intensities, and for this type
of transitions, we used only the line positions and line intensities quoted in HITRAN which
are of good quality.
For the line intensities to be quoted in this database, it is clear that the centrifugal distortion
effects which perturb somehow the ozone line intensities in the pure rotation band (i.e. in the
microwave spectral region) are to be considered. These effects are accounted for by a non-
negligible "rotational" dependence of the dipole moment operator in the ground vibrational
state. Such effects are considered for the linelist generated in Ref.[FLAU90a, FLAU90b]
which was used for the HITRAN database. Since new experimental and theoretical results are
presently available for the line intensities [CLAV01, BACK01, WAGN02, FLAU03a,
FLAU03b], it was decided to perform a critical analysis of the quality of the ozone line
intensities. The results are presented in Paragraph 5.2.

1.11.2. LINE BROADENING PARAMETERS

1.11.2.1. Self broadening
The values obtained for the self-broadening coefficients in the microwave region (i.e. gself ~ 4-
5 MHz/Torr) [MONN83] are more or less in agreement with the values quoted in the
HITRAN database. Because of the low concentration of ozone in the atmosphere, the self-
broadening will be negligible for MASTER applications.

1.11.2.2. Broadening by foreign gases
A large number of air- N2- and O2-pressure broadening measurements were performed for
ozone [SMIT94, BOUA93b, SPEN93]. Most of these works were performed at room
temperature, preventing the determination of the temperature dependence of the broadenings
which were achieved only in some studies [SPEN93, COLM84, MALA97, PRIE00b,
DROU04b]. Also calculations of line broadening parameters were performed by Gamache et
al. [GAMA98] and by Bouazza [BOUA93b], but unfortunately, most of these calculations
were performed for A-type band (n3, n1+n3 etc..) and therefore are not transposable to the
microwave and far infrared regions which involve only B-type transitions.
Among all these studies, those involving the microwave or millimeter spectral regions require
more attention.
For ozone lines located at 93.96, 96.2, 101.7 184, 206, 498.7, 500.4 and 501.8 GHz the N2-
and O2-broadening or the air broadening measurements were performed [OH92, BAUE98a,
PRIE00b, COLM84]. For some of these lines, a temperature dependence of the linewidths
was derived. Very recently  a new study extended the number of line broadening parameters
available [DROU04b].
Also at higher frequencies (50- 87 cm-1 i.e. 1.5-2.6 THz) room temperature of self- air- and
O2-broadening coefficients are reported for 101 lines of ozone in Ref. [LARS01]. In addition
the n(self), n(air), and n(O2) self-, air- and O2-temperature dependence of these coefficients
was determined for most of these lines. The n(air) coefficients obtained in this way exhibit a
rotational dependence (from 0.27(11) to 1.22(22)) which is impressive but may be somehow
questionable.
For the 500.4 GHz line (342,32 ¨ 341,33 transition) the analysis performed at PhLAM
[PRIE00b] involves also an extensive study concerning the quality of the different forms of
theoretical lineshapes which can be used to model the experimental line shape. Actually,
besides the "classical" Voigt profile (which is the most commonly used) the quality of the
modeling is significantly improved when using either the speed dependent Voigt profile, the
Galatry profile or the speed dependent Galatry profile.
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1.11.2.3. Pressure shifts
Smith et al. [SMIT88, SMIT94, SMIT97, MALA97] performed measurements at 9 µm, 13
µm, and 3 µm of the N2- and O2-pressure shifts. The values obtained depend significantly on
the considered band but are always weak (between –0.16 MHz/Torr and –0.62 MHz/Torr).
This effect is most presumably very weak for the pure rotational transitions and may
reasonably be neglected for the present study. This was proved by the study performed in
Bologna during the course of this study (see Chapter 4).

1.12. Water (H2O)

Although water vapor is a minor constituent of the terrestrial atmosphere, this molecule is
well known to play a central role in the absorption of microwave and infrared radiation of the
atmosphere. Consequently, a fair amount of efforts has been devoted to this molecule. This
molecule represents a theoretical challenge and, as it will be seen latter in the text, significant
improvements were achieved very recently as far as the line positions and line intensities are
concerned.
In addition to line positions and line intensities it is necessary to have also accurate line
broadening. These parameters are difficult to calculate, but very accurate measurements now
exist for some microwave transitions. For line shift parameters, the available data are rather
sparse in the microwave region.
In the microwave region, only few water vapor lines exist and the gaps between these lines
i.e. the so-called "atmospheric windows" have also been studied extensively because in these
"windows" which correspond to the far wings of the H2O lines, the absorption due to water is
actually not negligible (i.e. stronger than the one predicted by the usual models).

1.12.1. LINE POSITIONS AND INTENSITIES

The line positions which are present in the JPL catalog are of good quality: this is justified
since most of the line positions quoted in JPL for the 200-510 GHz spectral range are issued
from very good measurements ([LUCI71, LUCI72, LUCI75, MATS95, MESS83, MESS84,
PEAR91] etc...).
For water as for ozone the centrifugal effects lead to important contributions for the line
intensities, and for both molecules, the line intensities cannot be obtained from the permanent
dipole moment of water using "only" the rigid rotor method which is used at JPL.
For water, these effects are much stronger that for ozone because the molecule is floppier. The
line intensities which are quoted in the HITRAN linelist are issued from calculations
performed in 1981 by [FLAU81]. This 1981 calculation accounts for the centrifugal effects by
using the theoretical methods and the experimental data which were available at that time.
Since this date, new measurements were performed [JOHN85, TOTH98] and new models
[COUD94, COUD99, LANQ01] were developed which lead to more accurate line positions
and line intensities and explicitly account for the specific properties of the water molecule. It
displays indeed very large A, B, and C rotational constants equal to 836 GHz, 435 GHz and
278 GHz, respectively. Because of these high values of the rotational constants, the energy
levels from the ground vibrational state are strongly coupled with those from the first excited
vibrational state v2 = 1 located at 1648 cm-1. The v2 = 1 vibrational state involves the n2 mode
(the HÔH bending large amplitude motion) which leads to an infinitely large A rotational
constant for a linear configuration of the molecule, i.e., when the HÔH bending angle is equal
to 180°. Therefore this coupling between the ground and the v2 = 1 vibrational states leads to
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the so-called anomalous centrifugal distortion. These effects lead also to perturbations for the
line intensities, and significant progress were achieved on these points.
The theoretical approach developed recently [COUD94, COUD99, LANQ01] accounts for the
strong coupling between the bending n2 mode and the overall rotation of the molecule. This is
done using a four dimensional Hamiltonian in which the overall rotation of the molecule as
well as the bending mode are treated together.
For more details on these two points, see § 5.1.
For these reasons it was decided to perform a study devoted to estimate the quality of the line
intensity parameters for water. These results are presented in detail in the § 5.1. The global
conclusion is that it is reasonable to use the HITRAN line intensities for the preparation of the
MASTER database.

1.12.2. LINE BROADENING PARAMETERS

The collisional shape of water vapor has been the subject of numerous experimental studies
from the microwave to the infrared region. This is because few systematic calculations of line
broadening parameters are available for water vapor [BAUE89] and up to now these
theoretical calculations are not able to predict the observed linewidths. The goal of these
works was to obtain the O2- N2- air- and self-broadening coefficients together with their
temperature dependences. A general survey of the experimental results on pressure
broadening of the absorption lines of H2O by various perturbers was performed by Gamache
[GAMA94].
Only the most recent experimental results in the microwave region will be described here.
For the 183 GHz, the 325.2 GHz, and the 380 GHz of H2

16O [BAUE89, BAUE85, GOYE90,
GOYE93, COLM99], the 203.4 GHz of H2

18O [COLM99], and the 225.9 GHz, 241.6 GHz
and 241.9 GHz lines of HDO [GOYE93] the O2-, N2- and air-pressure broadening coefficients
and their temperature dependence were measured. For the 203.4 and 325.2 GHz these studies
were completed by calculations which enabled to validate the measurements.

1.12.3. CONTINUUM

Because in the microwave region the absorption due to water vapor is non negligible in the
atmospheric "windows" and/or in the far wings numerous experimental [BAUE86, GODO92,
BAUE93, BAUE95, BAUE96, BAUE98b, BAUE01b, KUHN02] and theoretical studies
([MA92] and Refs. therein) were devoted to this subject. This continuum was accounted for in
the study performed at Bremen within the course of this contract (see chapters 2 and 7).

1.12.4. LINE SHIFTS

The data on air -line shifts are rather sparse for water in the microwave region.
As stated in the appendix I on the air-lineshift, the experimental value  dair = +0.3MHz/Torr
deduced from the measurements of Markov et al. [MARK95] performed at 556.9 GHz (110 -
 101 rotational transition) differs significantly with the pressure shift calculated in
Ref. [COLM99] d(air) = –0.126 MHz/Torr and d(air) = –0.151 MHz/Torr for the 203.4 GHz
(31,3 ¨ 22,0 of H2

18O) and 325.1 GHz ( 51,4 ¨ 42,2 of H2
16O) lines, respectively.

Also, depending on the temperature, the values d(air) = –78 kHz/Torr to –56.7 kHz/Torr was
measured for the air pressure shift of the 183 GHz line [TRET03]. This proves one more time
that the line shift differs very significantly from one rotational line to the other one.
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1.13. Conclusions

1.13.1. Line positions
They are generally accurately known, the only notable exception being HNO3 for which it
will be necessary to generate a new linelist using a new theoretical model and the best
available measurements (many of them being quite recent).

1.13.2. Line intensities
• It is necessary to perform a calculation of the partition function for BrO.
• For HNO3 and N2O, the vibrational partition function has to be taken into account in

the calculation of the line intensities.
• For O3 and H2O, a new calculation of the lines intensities taking into account non-

rigidity effects has to be done

1.13.3. Line broadening
This is the weak point of the databases. Either the data are missing or they are often given
without any information on the accuracy. Experimental data for the millimeterwave and
submillimeterwave ranges are still scarse. Obviously, new measurements (including the
temperature dependence) are highly desirable on many species including N2O, O3, CH3Cl,
HNO3, 

16O18O, and H2O.
For CH3Cl, it may be necessary, to have an explicit J- and/or K description of the linewidths
of the rotational transitions.
For HNO3, it seems necessary to have a line by line description of the line broadening.

1.13.4. Line shift
Very few reliable data are available for the rotational transitions. However, the pressure
induced line shift effect seems to be quite small for most of the rotational transitions. This is
particularly true for CO. However, for the other species, it is well advised to check that the
effect is really negligible.
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2. Initial retrieval analysis

The purpose of the present workpackage (WP202) is to perform forward calculations,
accompanied by the corresponding retrieval simulations combined with an error analysis,
in order to give some insight into the most crucial parameters and to work out a list of
recommendations for measurements that would yield the largest possible benefit for the
MASTER instrument. Investigations cover a variety of spectroscopic line parameters, such
as line intensity, line position, air and self broadening parameters and their temperature
exponents, and pressure shift. All these investigations are performed for realistic MASTER
observation scenarios.
The present text is structured in 3 section. In the first section is given a brief description of
the retrieval and error analysis method, the instrumental and retrieval set-up including a
description of the spectroscopic data and continua parameterization, and the investigated
spectroscopic parameters. Section 2.2. give the results of the error analysis for the spec-
troscopic parameters and for each MASTER spectral bands. In the end of this text are
given the main findings of the analysis, together with the recommendations for the further
measurements.

2.1. Methodology and setup

2.1.1. Retrieval theory

The present performed inversions of atmospheric measurements follow the formalism from
Ref. [RODG00] (Optimal Estimation Method – OEM). This formalism starts with a gen-
eral time independent forward model (Ref. [ERIK01]), F , modeling the radiative transfer
of electromagnetic radiation through the atmosphere and the detecting instrument. Math-
ematically, this can be described in the following way:

y = F(X) + εy (2.1)

where y, called measurement vector, is the data obtained from the measurement and X

is the parameter vector of the model, necessary to describe a specific atmospheric and
instrumental simulation condition. The measurement is given in brightness temperatures
units [K] which are defined as:

TB(ν) =
c2

2 · ν2 · k
Iν (2.2)

where c is velocity of light, ν is frequency, Iν intensity at ν.
The measurement noise εy is added to the signal processed by the instrument. In our
case, it is exclusively determined by the instrument’s system noise temperature Tsys. (The
relationship between Tsys and the noise per element εy is given in Eq. (2.12) below.)
Usually one breaks up the total parameter vector X in a parameter vector, b, which is
treated as constant during the retrieval process (for example sensor bandwidth, spectral
resolution) and the state vector, x, which contains all the parameters of interest which
are retrieved from the data (for example trace gases volume mixing ratios, temperature).
Following this scheme, Eq. (2.1) can be reformulated to:

y = F(x, b) + εy (2.3)
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A linearization of F(x, b) with respect to x and b is needed, both for performing the
retrieval and for the error analysis. Inversion problems of satellite data are often ill-posed
and therefore need a regularization. To obtain stable solutions in our retrieval procedure,
we use a priori information about the mean atmospheric condition and the instruments
characteristics. The linearization of the forward model is then best performed around this
a priori state vector (xa,ba):

y ≈ F(xa, ba) + Kx · (x − xa) + Kb · (b − ba) + εy (2.4)

with

Kx =
∂F(x, ba)

∂x

∣∣∣∣
xa

, Kb =
∂F(xa, b)

∂b

∣∣∣∣
ba

(2.5)

Each row of Kx (Kb) contains the state parameter (model parameter) weighting function
which expresses the change of a single measurement vector element with respect to changes
in the state vector x. The a priori state is only one example of a state vector where the
linearization of the forward model could be applied. The weighting functions are actually
a function of the state vector. An inverse (or retrieval) method has to be applied to the
measurement vector in order to retrieve optimal estimate for the state vector x̂:

x̂ = I(y) (2.6)

Considering Eq. (2.4), the inverse model can be linearized around the a priori state, yielding:

x̂ = xa + Dy · Kx · (x − xa) + Dy · εy + Dy · Kb · (b − ba) (2.7)

where the contribution function matrix Dy is defined as:

Dy =
∂I(y)

∂y
(2.8)

The linearization of the inverse model takes place at a point in the data space, not in state
vector space.
The matrices, Kx and Kb are calculated numerically by doing disturbance calculations
by repeated use of the forward model. The OEM provides a recipe of how to calculate
Dy. The interested reader is referred to Ref. [RODG00]. The matrix resulting from the
multiplication of Kx and Dy is called averaging kernel matrix. Its meaning gets clearer
using Eqs. (2.5) and (2.8):

A = Dy · Kx =
∂I(y)

∂y
· ∂F(x)

∂x
(2.9)

The sensitivity of a single retrieved state parameter x̂i to the true state parameters is
described by a single row in A, which is also called averaging kernel function of x̂i. The
averaging kernel matrix gives an estimate of the vertical resolution of the retrieval. In the
ideal case it corresponds to the identity matrix. The measurement response is defined as
the sum of the averaging kernels associated with the retrieved quantity in question. It
gives a good impression of the altitude range where the retrieval takes information from
the measurement. Ideally it should be close to 1. In the opaque region it goes to zero.
The general expressions of the forward and inverse model (Eq. (2.4) and Eq. (2.7), respec-
tively) are symmetric in x and b. The difference of these two parameter vectors enters at
the stage of the operational retrieval process, where the model parameter vector is kept
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constant at the best known values (b = ba) during the retrieval, while only the state vector
is variable. Therefore the term Dy ·Kb · (b− ba) is not explicitly present in the operational
retrieval process. But with respect to a complete description of possible retrieval errors
- that is the difference between the retrieved and true state - one has also to take into
account the influence of wrong model parameters. Following this line, one can define the
retrieval error by rearranging Eq. (2.7):

∆x = x̂ − x = (A − I)(x − xa)︸ ︷︷ ︸
smoothing error

+ Dy · εy︸ ︷︷ ︸
measurement error

+ Dy · Kb · (b − ba)︸ ︷︷ ︸
parameter error

(2.10)
with I as the identity matrix. Three different sources of errors can be identified in Eq.
(2.10):

Smoothing error: This error is related to the need of a priori information. This extra
or additional information quantifies our expectation of the solution independent of
the actual data. A priori information can be based on the mean of several reported
measurements xa, and their covariance matrix Sa. The covariance matrix of the
resulting retrieval error, called smoothing error, can be calculated as:

N = (A − I) · Sa · (A − I)T (2.11)

Measurement error: This error is due to the noise which appears in the measurement. In
our simulations only the radiometric noise was considered. It is given by the system
noise temperature Tsys, which can be transformed into an error per channel of the
considered band by the radiometric formula:

εy =
Tsys√

∆ν · τint

(2.12)

where: τint is the integration time (τint = 0.3 s), and ∆ν is the spectral resolution
(∆ν = 50MHz). The diagonal elements of measurement noise covariance matrix,
Sε, are set to be equal to the square of the channel noise (given in Eq. (2.12)). We
assumed that there is no interchannel correlation so that the non-diagonal elements
of Sε are zero. The measurement error covariance matrix, describing the propagated
error in the retrieval, can be calculated as:

M = Dy · Sε · DT
y (2.13)

Often, we refer to the retrieval precision matrix, S, which means the sum of the
smoothing and measurement error covariance matrices :

S = N + M (2.14)

Model parameter error: This is caused by uncertainties in model parameter, for instance
spectroscopic or instrumental parameters. If one knows the statistics of the model
parameters b, that means the covariance matrix Sb is known, then the model error
covariance matrix P, describing the resulting error on the retrieval, can be calculated
as:

P = (Dy · Kb) · Sb · (Dy · Kb)
T (2.15)
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Eq. (2.15) is the one used for the error analysis. The covariance matrix Sb contains on
the diagonal the variance of the spectroscopic parameters, while the non-diagonal elements
give the correlations between the spectroscopic parameters.

2.1.2. Instrumental and retrieval setup

The major instrument requirements and the MASTER target species are given in in Ta-
ble2.1 (where UT stands for upper troposphere, LS stands for lower stratosphere respec-
tively, and NET stands for noise equivalent temperature).

Band Domain Spectra Coverage [GHz] NET [K] Primary Targets
B UT/LS 294.00-305.50 1.3 O3, N2O, O2 (pointing) HNO3

C UT/BS 316.50-325.50 1.3 H2O, O3

D UT/LS 342.25-348.75 0.3 CO, HNO3, BrO
E LS 497.00-506.00 0.4 ClO, O3, N2O, BrO, H2O, CH3Cl
F LS 624.00-626.50 1.5 HCl, O3

Table 2.1: Current MASTER instrumental requirements, spectral bands and target
species.

The analysis is carried out for each of the listed spectral ranges.
For a selected atmospheric scenario - specified through the molecular species VMR pro-
files and the temperature and pressure profiles - simultaneous retrievals of the primary
molecular species VMR profiles, continuum absorption profiles, temperature profile, and
one pointing parameter (a pointing off-set: all the tangent altitudes are higher or lower)
are performed using simulated measurements of an entire elevation scan cycle (0–50 km).
The VMR profiles for the target species of MASTER corresponding to the atmospheric
scenario selected for the simulations are displayed in Figure2.1.
Molecular species profiles are retrieved on a vertical grid with a spacing of 2 km or 3 km.
The a priori uncertainty is set throughout to be 100% (with respect to the a priori state),
and no vertical correlations between the retrieval layers are assumed (a diagonal Sa matrix).
The continuum absorption across each instrumental band is fitted by three absorption
offsets, representing the magnitude of the continuum at the upper, lower and middle po-
sition of the band with respect to frequency, and thus giving a second order polynomial
description of the continuum. The approach of the continuum parameterization is based
on detailed analysis carried out under a ESA/ESTEC study (see Ref. [REBU00]). The
three absorption offsets are retrieved on a grid of 2 km, and are treated exactly like the
molecular species VMR profiles.
Temperature is retrieved on a grid with a vertical spacing of 3 km. The a priori error was
set to 5K and the temperature variability was assumed to be uncorrelated between the
retrieval layers (e.g., Sa for the temperature is a diagonal matrix with values of (5K)2 on
the diagonal).
The constraint of hydrostatic equilibrium is imposed. Note that the assumption of hydro-
static equilibrium is not exactly valid in the range between approximately 80 and 120 km,
the region of transition between a completely mixed atmosphere to one in diffusive equi-
librium, as pointed out in Ref. [ANDE86].
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Figure 2.1: VMR profiles of different molecular species of MASTER interest. The dis-
played profiles represent the mid-latitude atmospheric condition [FASCOD, ANDE86].

2.1.3. Spectroscopic data

The necessary spectroscopic data information for line by line calculations is taken from
the MYTRAN database, described in WP201. This includes about 32000 spectral lines
selected both from HITRAN and JPL, and for a large number of molecular species, namely,
O3, H2O, CO, N2O, ClO, HNO3, BrO, O2, CH3Cl, HO2, SO2, HCl, OCS, COF2, H2CO,
H2O2, HCN, HOBr, NO2, and HOCl.
Taken into account all the lines from the database when the absorption coefficients are
calculated is not possible if the computing time should remain acceptable. Therefore some
criteria for the line selection has to be adopted. The spectral lines cannot be selected only
by a limitation to the band frequency range since strong spectral lines far away from the
considered spectral band range can have a high contribution. By a careful investigation it
has been found that for a spectral margin of +/- 20Hz it is enough in the sense that the
lines located even further will have negligible contribution to the absorption inside of the
spectral band. This does not apply to the H2O lines because of its high absorption even
far away from the center line frequency. Therefore, a number 857 H2O lines located in the
spectral range up to 2.5THz have been included in the database.
Now, even considering only the lines in the band spectral range with a margin of +/-20
GHz request a large computational demanding. The selection of the most favorable spectral
lines to observe is further constrained by a number of factors, such as line strength and
opacity due to other species. In order to identify the lines (closer than 20GHz) which can
give a contribution to the spectra the following steps are done:

1. The spectral lines in a frequency range to search, specific to each MASTER spectral
band, are loaded. A reference spectrum is calculated by using all the loaded lines.

2. For an assumed atmospheric state (given by the molecular species VMR profiles and
temperature and pressure profiles), and for each loaded spectral line, the individual
contribution to the brightness temperature (by performing radiative transfer calcu-
lations) is evaluated at all tangent altitudes involved in one scan. The atmospheric
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profiles used in this study were delivered by ESTEC and they represent the climato-
logical means for mid-latitude day (see Figure2.1. ).

3. The lines are included until the difference between the reference spectra and the new
calculated spectra does not exceed a given threshold (0.1K in this case). This check
is done for all the tangent altitudes involved is scan (0-50 km).

In the first step the reduction is done ignoring the water vapor absorption. That means
that the initial absorption is calculated by using the the spectral lines in the spectral ranges
±20GHz, except the H2O lines. Thus, the number of the lines outside of the band spectral
ranges is greatly reduced, yielding the database containing the only important lines which
should be considered in calculation. The 857 H2O lines should also be added to the line
list. Table2.2 lists the number of lines, in the spectral range with +/-20GHz margin for
each MASTER band, before and after the selection criterion is applied. Listed are also
the number of lines found inside and outside of the band spectral ranges before and after
selection. When looking at Table2.2 one should keep in mind that some of the lines are
counted for one or more bands. E.g., a strong O3 line could be selected in two or even more
bands, and therefore is counted twice or more times. Thus, after putting together the lines
selected in each band and removing these redundant lines, and adding the H2O lines yield
a reduced database (hereafter called ’reduced database’) containing about 12000 spectral
lines (compared with more than 32500 lines presented in the initial database).

Band
lines

B C D E F
total 10860 11839 7556 6926 6350

before inside 3275 2954 2356 2708 736
outside 7585 8885 5200 4218 5614
total 2473 2170 1898 2364 2750

after inside 1365 1319 1109 1170 465
outside 1108 851 798 1194 2285

Table 2.2: Number of lines before and after applying the selection criterion. The threshold
is fixed to 0.1K and the opacity due to the water vapor is ignored.

However, ignoring the water vapor absorption is a conservative approach since the H2O
absorption will yield high opacities at low altitudes. Thus, in fact, by considering also the
water vapor absorption, the difference in the brightness temperature calculated by using
the initial and the reduced database would be much smaller. Therefore, in order to see
how many lines would be retain if the water absorption is also considered, steps 1–3 are
repeated for the same threshold (0.1K) but adding also the water absorption resulting
from the 857 H2O lines. By doing that the database is further reduced to about 8500 lines,
resulting in a database containing only the very important spectral lines (also called ’very
reduced database’).
Furthermore, the correctness of the line selection is checked by linear mapping calculations.
The approach is to linearly map the differences in the brightness temperature (calculated
once using the full line list and once using just the reduced line list), ∆y, into the retrieval
error, ∆x, by using the following relation:

∆y = Dy · ∆x (2.16)
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Band
lines

B C D E F
total 10860 11839 7556 6926 6350

before inside 3275 2954 2356 2708 736
outside 7585 8885 5200 4218 5614
total 1660 1300 1300 1530 1970

after inside 1108 1029 987 981 455
outside 552 271 331 549 1515

Table 2.3: Number of lines before and after applying the selection criterion. The threshold
is fixed to 0.1K and the opacity due to the water vapor is also considered.

where Dy, the so called contribution function matrix, is the Jacobian of the inversion model.
Overall, for the considered atmospheric and retrieval setup, the error in the retrieval is
neglijible, both for the reduced and very reduced database. As an example Figure2.2
displays the error in the retrieved O3, N2O and temperature in bandB generated by using
the ’reduced database’ instead of the full one. The results for the other band or for the
’very reduced database’ are similar.
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Figure 2.2: Band B: Error on retrieved O3, N2O, HNO3 and Temperature

2.1.4. H2O continuum parameterization

Measurements show that the total absorption has much higher values than the absorption
obtained by summing up the contributions from all the lines. Therefore, in order to bring
the calculated total absorption into agreement with measurements a continuum term con-
sistent with the selected line lists should be added to the H2O line absorption. Moreover,
the coefficients of the continuum term depend not only on the exact line selection and line
parameters, but also on the assumed line shape, including possible cutoffs. To get the
correct total absorption, the continuum parameters have to be recalculated for the line list
and line shape used, and are then only valid for exactly these conditions.
The water vapor absorption models used in atmospheric radiative transfer calculations
include besides a resonant line absorption term a second term which adjusts the model
absorption to the level of measured absorption. In the core region of a transition line the
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absorption can be deduced from the impact approximation. Especially for water vapor it
is important to consider additionally an absorption model for the far wing regions of the
lines. This additional absorption model can be derived within the quasi-static approxi-
mation. Since this far wing absorption term is a smooth function of frequency, without
any high frequency oscillations, it is usually called continuum absorption in operational
atmospheric radiative transfer models. Due to the computational burden of the detailed
quasi-static model from Ref. [TIPP95] it is not advantageous to consider this model di-
rectly for efficient radiative transfer calculations. However, in the sub-terahertz frequency
range, in Ref. [MA90, MA02] is shown that their model is in first order reasonably well
approximated by the much simpler parameterization of the form:

αmodel
c = ν2 · Θ3 ·

[
Cs(Θ) · P 2

H2O
+ Cf(Θ) · Pf · PH2O

]
(2.17)

where Θ=300K/T is the unit-less temperature and PH2O, Pf = Ptot − PH2O are the
water vapor and foreign partial pressure. The Θ3 term in front of the brackets is partially
due to the conversion of molecular number density to pressure (Θ2) and partially due to
the induced emission (Θ). Induced emission yields a term

[
1 − exp (−hν/kB T )

]
in the

expression of the absorption which can be approximated by hν/kB T in the microwave
range. Furthermore the quadratic frequency dependence is partially explained by this
microwave approximation (ν). The second ν originates from the general definition of the
absorption coefficient.

Water vapor absorption measurements

The considered data set of absorption measurements covers the range from 137 up to
350GHz (see Table 2.4). The two measurements performed at 137.8 and 138.2GHz are re-
ported in Ref. [LIEB84] und Ref. [LIEB87] and are carried out with a similar interferometer
at National Telecommunications and Information Administration (NTIA), Boulder, USA.
The other measurements (150 < νo < 350GHz) are conducted at Université des Sciences
et Technologies de Lille (USTL) and are described in in Ref. [GODO92], Ref. [BAUE93],
Ref. [BAUE95], and Ref. [KUHN02]. Details concerning the measurement procedures and
hardware components have been given in Ref. [LIEB87], Ref. [BAUE86], Ref. [BAUE91],
and Ref. [BAUE01b]. The data set includes measurements of pure water vapor and H2O-
N2 mixtures at different pressures and temperatures from which the H2O-H2O and H2O-N2

data is selected for the present investigations of the continuum parameters.
The absorption coefficient of the gas sample (pure H2O or H2O-N2) was measured with a
Fabry-Pérot interferometer at both institutions, USTL as well as NTIA. This measurement
technique has the advantage of a relatively high sensitivity which allows measurements far
from line centers at comparatively low pressures (e.g. 1–15 hPa) for strong absorbers like
water vapor. To prevent the water vapor from condensation, the measurement temperature
is kept above the critical saturation temperature. Hence the relative humidity1 in the
absorption cell is well below 100%.

Rescaling of pressure broadening parameters
Most spectral line catalogs and absorption models state the foreign pressure broadening
parameters for dry air (79% N2 and 21% O2). This makes it necessary to adapt these
parameters to pure nitrogen conditions. In the pressure broadening regime the line width

1Even for pure water vapor one can define a relative humidity by the ratio of the water vapor partial
pressure and the water vapor equilibrium pressure above a plane liquid water surface.
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win. νo gas samples reference
[GHz]

W1 138.2 H2O, H2O-air/N2 Ref. [LIEB84]
W1 137.8 H2O, H2O-air/N2 Ref. [LIEB87]

NTIA

W1 153.0 H2O, H2O-N2 Ref. [BAUE93]
W2 213.5 H2O, H2O-N2 Ref. [GODO92]
W2 239.4 H2O, H2O-N2 Ref. [BAUE95]

USTL

W3 350.3 H2O, H2O-N2 Ref. [KUHN02]

Table 2.4: List of considered absorption measurements for the present investigation of
continuum parameter sets. Except for the 138.2 and 137.8GHz data which were per-
formed at the National Telecommunications and Information Administration (NTIA), all
measurements were performed with the same laboratory setup at Université des Sciences
et Technologies de Lille (USTL). The first column states the frequency window, the second
the measurement frequency. The gas mixtures in the absorption cell and the reference are
stated in the subsequent columns. All measurements were performed with Fabry-Pérot
interferometers.

is in first order proportional to the partial pressures of water vapor (self term) and foreign
perturber, i.e. nitrogen (foreign term):

γk = GH2O

s,k
· PH2O ·

[
T0
T

]NH2O

s,k

+ GN2

f,k
· PN2

·
[
T0
T

]NN2
f,k

(2.18)

where GH2O

s,k
and GN2

f,k
are the line specific self and foreign broadening coefficients and NH2O

s,k
,

NN2

f,k
are the self and foreign broadening temperature coefficients, respectively. The index

k labels the spectral line and T0 is the catalog specific reference temperature2. Due to
the more effective dipole-dipole interactions of water molecules compared to the dipole-
quadrupole interactions of water and nitrogen molecules one can expect that the self broad-
ening coefficient is higher than the foreign broadening coefficient for nitrogen. Roughly
speaking, GH2O

s,k
is five times larger than GN2

f,k
as given in Ref. [GAMA94]. Taking the above

mixture of oxygen and nitrogen for dry air, the dry air foreign broadening coefficient is gen-
erally lower than the corresponding coefficient for nitrogen since the quadrupole moment
of oxygen is at least four times weaker compared to nitrogen. Similar to the continuum
coefficients one can establish a general order for the pressure broadening coefficients

GH2O

s,k
> GN2

f,k
> Gair

f,k
> GO2

f,k

Theoretical predictions from Ref. [BAUE89] yield a mean ratio of GN2

f,k
/Gair

f,k
= RN2

air = 1.08
for the 48 lines listed therein, with a range from 1.07 to 1.11. The validity of this value
can be checked against measurements for some selected lines where dedicated laboratory
measurements are performed. A comparison of theoretical and measured ratios is presented
in Table2.5. The theoretically predicted ratios are with the exception of the 987.9GHz
line in reasonable agreement with the corresponding measured ones. Moreover the value

of 1.08 is also in agreement with the empirical value of RN2
air = 1.11 ± 0.09 as given in

2
T0 is 296K in the case of HITRAN00 (see Ref. [ROTH98]) and 300K in Ref. [ROSE98] and Liebe’s MPM
model.
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Ref. [GAMA94], where measurements of approximately 300 water vapor lines (mostly from
the infrared region) are analyzed. The comparatively large standard deviation of this ratio
(8%) illustrates the large measurement uncertainty of this pressure broadening parameter.
Both ratios with their standard deviations are shown in Fig.2.3.

For the present investigations the ratio RN2
air = 1.08 is used as a general scaling factor for

the 1-1000GHz water vapor lines. For the lines above 1THz, the ratio of 1.11 is applied.
The ratios of the corresponding temperature coefficients Nair

f,k
and NN2

f,k
are in good agreement

with unity, both for the measurement and theory (see Table2.5, note the large measure-
ment uncertainty of 3–16%). Thus an adjustment of the temperature coefficients of the
foreign line broadening is not crucial when changing from dry air to nitrogen as perturber
gas.

measurement theory

νk Gair

f,k
GN2

f,k
RN2

air Gair

f,k
GN2

f,k
RN2

air
[GHz] [MHz

hPa
] [MHz

hPa
] [MHz

hPa
] [MHz

hPa
]

22.2 2.81 3.08 1.09 2.69 2.90 1.08
183.2 2.81±0.04 3.05±0.05 1.09±0.02 2.95 3.17 1.07
325.1 2.72±0.02 3.01±0.02 1.10±0.01 2.78 3.00 1.08
380.2 2.88±0.06 3.12±0.03 1.08±0.02 2.86 3.08 1.08
987.9 1.12±0.01 2.99 3.20 1.07
νk Nair

f,k
NN2

f,k
NN2

f,k
/Nair

f,k
Nair

f,k
NN2

f,k
NN2

f,k
/Nair

f,k

[GHz] [1] [1] [1] [1]
183.2 0.64±0.10 0.63±0.10 0.98±0.22 0.70 0.70 1.00
325.1 0.64±0.09 0.63±0.10 0.98±0.20 0.76 0.77 1.01
380.2 0.72±0.02 0.70±0.03 1.01±0.05 0.69 0.69 1.00

Table 2.5: Comparison of experimentally determined foreign broadening parameters for
air and molecular nitrogen with theoretically predicted values for different water vapor
lines. The measurements are taken from Ref. [LIEB69], Ref. [BAUE89], Ref. [GOYE93a],
Ref. [COLM99], and Ref. [GASS88] while the calculated values are from Ref. [BAUE89].

Spectral line catalogs

• HITRAN00: A subsample of the HITRAN00 (see Ref. [ROTH98]) spectral line catalog
is used as the basic catalog. The subsample of this catalog is limited to the 645
water vapor lines below 2.5THz. The information taken from this catalog is the line
intensity, its temperature dependence as well as the line center frequency and the
pressure broadening parameters for air. Since this catalog has no values stated for the
self broadening of the water vapor lines, a general scaling factor of GH2O

s,k
/GN2

f,k
= 5.089

as given in Ref. [GAMA94] is used. To account for nitrogen as perturber the given
air broadening coefficients are scaled by 1.08 for the lines below 1THz and with 1.11
for the lines above 1THz. The temperature dependence of the pressure broadening
is unchanged.

• MYTRAN: The foreign broadening coefficients in MYTRAN are modified to account for
pure nitrogen as buffer gas. The lines below 1THz are scaled by 1.08, i.e. GN2

f,k
/Gair

f,k
=

1.08 and the lines above 1THz are scaled by 1.11 (GN2

f,k
/Gair

f,k
= 1.1 for ν0 > 1THz).
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Figure 2.3: Ratio of foreign broadening parameters GN2

f,k
/Gair

f,k
for water vapor lines in

the 1-1000GHz range. The data is taken from Ref. [BAUE89] and Ref. [GAMA94]. For
the theoretically predicted values listed in Ref. [BAUE89], the complex Robert-Bonamy
approach (CRB) is used. The dots and solid line at 1.08 are from these predictions while
the solid line at 1.11 and the shaded area are from the measurement analysis of [GAMA94].

Continuum parameter estimation

To estimate a set of continuum parameters (Co
s , xs, Co

f , xf), it is convenient to transform

the continuum absorption parameterization given in Eq. (2.17), i.e.,:

αmodel
c = ν2 · Θ3 ·

[
Co

s · Θxs · P 2
H2O

+ Co
f · Θxf · PN2

· PH2O

]
(2.19)

into a form where the four continuum parameters are more directly related with the mea-
sured quantity, the total absorption coefficient. Furthermore it is preferable to avoid the
complication of fitting a sum of exponential terms which one has to do by fitting all four
continuum parameters simultaneously.
Hence the full data set described in Table2.4 is divided into two subsets, where the first
subset contains all the measurements performed with pure water vapor and the second
subset contains the absorption measurements of the H2O-N2 mixture. This separation has
the advantage that only two continuum parameters have to be inferred simultaneously
from the data, one continuum coefficient and one temperature coefficient. By doing this,
the estimated parameters of the self term (Co

s , xs) has to be used to infer the foreign term
parameters Co

f and xf. This procedure assumes implicitly that Co
s and xs are independent
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of the gas mixture and hence are the same in a pure water vapor gas sample and in a
mixture of water vapor and nitrogen. The justification of this assumption will be discussed
later. From:

αmodel
c = αd

tot − αmodel
` (2.20)

follows for the two subsamples the expressions:

Co
s · Θxs =


αd

tot − αmodel
`

ν2 · Θ3 · P 2
H2O


 (2.21)

for the pure water vapor subsample and

Co
f · Θxf =


 αd

tot − αmodel
`

ν2 · Θ3 · PN2
· PH2O


 −

[
Co

s · Θxs ·
PH2O

PN2

]
(2.22)

for the subsample of water vapor mixed with nitrogen. Note that for the estimation of
Co

f and xf the previously determined values of Co
s and xs are inserted into Eq. (2.22).

The self term is scaled by the pressure ratio of water vapor and nitrogen which is in this
subsample between 1/750 and 1/75. Co

s is approximately 30 times larger than Co
f so

that the pressure ratio scales the self term in Eq. (2.22) to between about 4% and 40%,
respectively. Consequently the influence of Co

s on Co
f varies from nearly negligible to very

important.
The main simplification of this approach is the resulting linear relation when the logarithm
of both sides in Eqs. (2.21) and (2.22) is taken, leading to an expression of:

A · t + B = D(t) (2.23)

where the slope A corresponds to xs,f and the residual B is equal to ln (Co
s,f). The new

unitless temperature variable t is defined as ln (Θ) and the depending variable D is given
by:

D = ln


αd

tot − αmodel
`

ν2 · Θ3 · P 2
H2O


 (2.24)

for pure water vapor, and:

D = ln





 αd

tot − αmodel
`

ν2 · Θ3 · PN2
· PH2O


 −

[
Co

s · Θxs ·
PH2O

PN2

]
 (2.25)

for the mixture of water vapor with nitrogen. The slope A and residual B can now be
estimated by a standard one dimensional linear regression fit (Ref. [LARS90]) from the
data subsamples:

Â =
n∑

i=1

(ti Di) − n t̄ D̄
/ n∑

i=1

ti
2 − n t̄2; B̂ = D̄ − Â t̄ (2.26)

where t̄ and D̄ are the subsample mean values of t and D, respectively, and n is the size of
the data subsample (n=26 for H2O-H2O and n=64 for H2O-N2). The estimated continuum

parameters are then retrieved from Â and B̂ according to

x̂s,f = Â (2.27)

Ĉo
s,f = e

bB (2.28)
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As previously mentioned in this chapter, uncertainties are not provided with the measured
total absorption coefficients. Hence a full error analysis of the continuum parameters is
not possible. However, standard procedures to calculate confidence intervals for Â and B̂
can be applied if the following two assumptions are made:

1. the measured D values follow for each specified t a normal distribution with mean
value D̂(t) = Â · t + B̂ and standard deviation σD and

2. the standard deviation σD is independent of t, i.e. σD(t) = σD = const.

Despite the fact that both assumptions might not be exactly fulfilled, this procedure can
serve as a first guess of the parameter uncertainties with respect to this particular data
sample. Under the above assumptions the confidence intervals Â ± ∆A and B̂ ± ∆B on a
ε = 0.95 confidence level are calculated from the expressions as given in Ref. [FREU92]

∆A =
κ

st
·

√
(s2

D − Â2 s2
t )

(n − 2)
(2.29)

∆B = ∆A ·
√

(n − 1)

n
s2

t + t̄2 (2.30)

where s2
t is the variance of t. The value of κ is determined from Student’s t-distribution

function, Fs, according to Fs(κ) = (1 + ε) / 2, where the tabulated values of Fs are taken
from Ref. [NIST02]. The confidence interval of A is identical with the confidence interval

of x̂s,f, ∆xs,f
= ∆A. The relation between the confidence intervals of Ĉo

s,f and B̂ is more

complicated due to the exponential relation between these quantities (see Eq. (2.28)). To

simplify this calculation, the confidence interval Ĉo
s,f ± ∆Cs,f

is expressed in per cent of

Ĉo
s,f rather than in absolute terms:

±∆Cs,f
= 100 % ·

(
e

bB±∆B − e
bB
)

/e
bB

= 100 % ·
(
e±∆B − 1

)

≈ 100 % · (±∆B)

Hence the approximation in the expansion of the exponential function is sufficient accurate
so that ∆Cs,f

= 100 % · ∆B is satisfactorily close to the exact value.

Table2.6 lists the estimated sets of continuum parameters for the different line catalogs and
line shapes. Table2.6 displays the results from the USTL measurements (153-350GHz)
as well as from the USTL and NTIA (137-350GHz) measurements together. Since the
NTIA data consists of only two measurements for the H2O-N2 subsample, the continuum
parameters of the self term are the same in both tables. The additional NTIA data does
not affect the values of Co

f and xf significantly. This is mostly due to the statistical weight

of the NTIA measurements (2 NTIA vs. 62 USTL measurements) but also due to the fact
that these measurements do not deviate significantly from the USTL data. Hence the two
NTIA data points are not in contradiction to the USTL data.
Figures 2.1.5. and 2.1.5. show the estimated continuum parameter sets for the H2O-
MYTRAN line catalog with a Voigt line shape with cutoff for the 150-350GHz and 137-
350GHz data sample. The confidence intervals shown in these plots are calculated in
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accordance with Eqs. (2.29) and (2.30) to

∆D(t) = ∆A ·
√

(n − 1)

n
s2

t + (t − t̄)2 (2.31)

which is equal to the expression of ∆B in Eq. 2.30 for the special case of t = 0.

Comparison with other models
In the case of the theoretical model found in Ref. [MA90] and the operational model found
in Ref. [KATK97] the frequency dependence of the self continuum term is not quadratic
as assumed here and in all the other operational models. This non-quadratic dependence
is reflected in the significantly lower self continuum coefficients. The Co

air value stated in
Ref. [KATK97] is significantly below the values of the other models although this model
assumes a quadratic frequency dependence for the foreign continuum term like the other
operational models. In Ref. [KATK97] are derived the value of Co

air from a best fit to
several measurements in the mm-wave (30 – 200GHz) and submm-wave (300 – 1000GHz)
range while the other operational models rely on laboratory measurements in the micowave
range (3-30GHz) and mm-wave range for Co

air. Good agreement for Co
air is seen between

results in Ref. [KATK97] and the theoretical model from Ref. [MA02]. But one has to keep
in mind that Ref. [MA02] states a frequency dependence of ν2.0389 for the foreign continuum
term which compensates the low Co

air value.
The continuum coefficients of H2O-MPM93∗ 3 are about 20% larger compared to H2O-
MPM87. Large discrepancies are also found for the temperature coefficients xs and xda

between these two H2O-MPM versions. This difference can be explained by the different
sources used for the determination of the continuum parameters. H2O-MPM87 is based on
laboratory measurements at 138GHz (see Ref. [LIEB87]) while for H2O-MPM93 additional
laboratory measurements from Ref. [BECK46] and from Ref. [GODO92] is used.

2.1.5. Oxygen and nitrogen absorption

One has to keep in mind that the non-resonant absorption of oxygen and nitrogen should
be also added to the total absorption.
For oxygen, the most appropriate is to use the full model given in Ref. [ROSE93] which
is based on O2-MPM92 from Ref. [LIEB92] for the 60GHz lines and uses several other
sources for the lines found in sub-millimeter wave spectral range (see Ref. [SCHW97]).
The FORTRAN77 computer program of Rosenkranz for the O2 absorption calculation can
be downloaded from mesa.mit.edu/phil/lbl rt.
Regarding the nitrogen absorption, the most appropriate is to use the N2-MPM89 from
Ref. [LIEB89] or N2-MPM93 Ref. [LIEB93] of Liebe’s MPM models which are based on fits
of laboratory measurements from Ref. [STON84].
The FORTRAN77 source code of N2-MPM93 can be downloaded from
ftp://ftp.its.bldrdoc.gov/pub/mpm93/.

3approximation of H2O-MPM93 to fit Eq. (2.17)
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line absorption Ĉo
s ± ∆Cs x̂s ± ∆xs

Ĉo
f ± ∆Cf

x̂f ± ∆xf

catalog shape 10−8 · [ dB/km
(hPaGHz)2

] [1] 10−9 · [ dB/km
(hPaGHz)2

] [1]

MYTRAN nocutoff VVW 8.70(±22.2%) 5.22±2.43 2.38(±9.3%) 1.61±0.96
MYTRAN cutoff VVW 8.98(±21.4%) 5.02±2.34 3.07(±7.4%) 1.36±0.77
MYTRAN nocutoff VV 8.70(±22.2%) 5.22±2.43 2.38(±9.3%) 1.61±0.96
MYTRAN cutoff VV 8.98(±21.4%) 5.02±2.34 3.07(±7.4%) 1.36±0.77
MYTRAN nocutoff VVW 8.70(±22.2%) 5.22±2.43 2.37(±8.9%) 1.58±0.94
MYTRAN cutoff VVW 8.98(±21.4%) 5.02±2.34 3.06(±7.1%) 1.34±0.75
MYTRAN nocutoff VV 8.70(±22.2%) 5.22±2.43 2.37(±8.9%) 1.58±0.94
MYTRAN cutoff VV 8.98(±21.4%) 5.02±2.34 3.06(±7.1%) 1.34±0.75

Table 2.6: Values of the fitted parameters Ĉo
s , x̂s, Ĉo

f , and x̂f (for H2O-N2). The used line shape function is either a Van Vleck–Weisskopf

with cutoff (VVWC) or without cutoff (VVW) of 750GHz. The upper 4 rows are with the laboratory data from 153.0-350.3GHz (USTL)
and the lower 4 rows are with the laboratory data from 137.8-350.3GHz (NTIA and USTL). The Voigt line shape is denoted by VV while

VVW denotes a VanVleck-Weisskopf line shape. For a conversion from dB/km to m−1 one has to multiply the above values of Ĉo
s and

Ĉo
f by 2.3026 · 10−4. Even the fit has been performed also for HITRAN catalog, only the fit parameters for the MYTRAN catalog are

tabulated here.
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Co
s Co

air Co
f xs xair reference

[10−8 (dB/km)
(hPa GHz)2

] [1] [1]

- 0.181 0.195 3-8 1.6 Ref. [MA90]
Ref. [MA02]

7.3-8.7 - - - Ref. [BECK46]
9.85 0.25 0.27 0.5 -0.5 Ref. [LIEB84]
9.85 0.25 0.27 2.5 -0.5 Ref. [LIEB85]
6.50 0.206 0.22 7.5 0.0 Ref. [LIEB87]
7.73 0.253 0.27 4.6 1.6 Ref. [LIEB93]
7.80 0.236 0.25 4.5 0.0 Ref. [ROSE98]

3.6 10−5 ν2

ν+330
0.17(17) 0.18 9 0.0(5) Ref. [KATK97]

Table 2.7: List of other continuum parameter sets. The theoretical model given in
Ref. [MA90] predicts a temperature coefficient for the self term for the frequency range
of 30-360GHz. The temperature dependence increases with increasing frequency. The
measurements described in Ref. [BECK46] are around the 22GHz line of water vapor. For
the estimation of Co

s the data at ν =34.8 and 40.2GHz are taken. Since the dry air con-
tribution to the total absorption is only a few percent, the listed absorption coefficients
are not corrected for this effect. The different versions of Liebe’s H2O-MPM model are
based on several different absorption measurements and water vapor line catalogs. The
H2O-MPM93 is approximated to the continuum absorption parameterization of Eq. 2.17.
The parameter set in Ref. [KATK97] incorporates some measurements of Russian groups
in the free atmosphere in the MMW and SMMW range. In the models of Ref. [KATK97],
Ref. [MA90], Ref. [MA02], and Ref. [LIEB93] the frequency dependence is not quadratic.
For a comparison with the continuum parameter sets in Table2.6 the Co

air values are trans-
formed to Co

f according to the same ratio for the pressure broadening parameters discussed

above (Co
f =1.08·Co

air).
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Figure 2.4: Water Vapor self continuum (upper plot) and foreign continuum (lower plot)
parameter fit for the full 150-350GHz data. The MYTRAN line catalog is used in the
line absorption calculation in connection with a Voigt line shape function plus a cutoff of
750GHz. The solid line is the best fit to the data and the dotted lines indicate the 0.95
confidence interval.
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Figure 2.5: Water Vapor self continuum (upper plot) and foreign continuum (lower plot)
parameter fit for the full 138-350GHz data. The MYTRAN line catalog is used in the
line absorption calculation in connection with a Voigt line shape function plus a cutoff of
750GHz. The solid line is the best fit to the data and the dotted lines indicate the 0.95
confidence interval.
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2.1.6. Monochromatic frequency grid

The MASTER instrument involves spectral bands with a width of about 10GHz, sampled
at a spectral resolution of 50MHz. To have an accurate absorption coefficient calculations
one should provide the monochromatic/pencil-beam calculations on a much finer frequency
grid and for all pencil beam grid. Such a calculation would lead to a large computational
time and an excessive computational burden on retrieval simulations. In general a large
number of these calculations are redundant, as there will be regions of the spectrum in
which there is only little variation with frequency. In order to minimize the computational
demands while retaining a known level of accuracy in the forward calculations, the following
approach is adopted:

1. The brightness temperature spectrum for a set of atmospheric scenarios is evaluated
at rather high spectral resolution (0.1MHz), for all the tangent altitudes involved in
one scan (0 – 50 km).

2. Each brightness temperature is compared to the brightness temperature obtained by
linearly interpolating between its nearest neighbors.

3. If the differences between calculated and interpolated brightness temperatures is less
than a given threshold (0.01K for the present calculation), then that frequency is
flagged as being redundant.

4. Steps 2 – 3 are repeated until no further frequency is being flagged

This process results in a set of frequencies necessary to model the monochromatic radiance
to a known level of accuracy. This allows test simulations to be performed quickly.

2.1.7. Investigated spectroscopic parameters and assumptions

A brief review of the spectroscopic parameters and the relations they participate in, is
giving in the followings. Generally speaking any line is presented by the corresponding
profile of the absorption/emission coefficient as a function of the frequency - given by the
quantity α(ν). Three quantities define the absorption coefficient of single line: the intensity
(strength) of the line S(T ), the line shape F (ν, ν0) describing the distribution in frequency,
and its position given by the central frequency, ν0. Thus, one can write:

α(ν) = nS(T )F (ν, ν0) (2.32)

where n is the number density of the absorber. The values of S at reference temperature
T0 are contained in spectroscopic databases. The conversion to different temperatures is
done by:

S(T ) = S(T0)
Q(T0)

Q(T )

e−Ef/kT − e−Ei/kT

e−Ef /kT0 − e−Ei/kT0
(2.33)

where Ef and Ei of the two energy levels between the transition occurs and Q(T ) the
partition function. Usually one can obtain from the existing databases the values for the
variables on the right hand side of the equation.

The line shape function (in this case the van Vleck and Weisskopf one is of interest because
it contains the the line parameters which are the subject of this survey) is expressed by:

FV V W (ν) =

(
ν

ν0

)2
γL

π

[
1

(ν − ν0 − δν0)2 + γ2
+

1

(ν + ν0 − δν0)2 + γ2

]
(2.34)
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where ν0 and δν0 are the center frequency (line position) and frequency shift (if such one
exists) respectively. The parameter γ is the half width of the line at half of its maximum
or simply line width. Further, γ is a function of the line broadening parameters of primary
interest in the present case:

γ(p, ps) = agam (p − ps)

(
T0

T

)nair

+ sgam (p − ps)

(
T0

T

)nself

(2.35)

where p and ps are the total pressure and partial pressure of the species considered, agam

and sgam are the air and the self broadening parameters, and nair and nself are the tem-
perature exponents for agam and sgam, respectively.

The present error analysis aim to:

1. line intensity: the accuracy of the line intensity at the reference temperature stated
in catalog (S(T0) from Eq. (2.33))

2. line positions: the accuracy in the center frequency (ν0 from Eq. (2.34))

3. pressure broadening parameters (which appear in Eq. (2.35))

(a) agam: air broadening parameter

(b) sgam: self broadening parameter

(c) nair: temperature exponent of agam

(d) nself: temperature exponent of sgam

4. pressure shifts: frequency shift due to pressure (δν0 from Eq. (2.34))

The covariance matrix Sb (Eq. (2.13)) contains on the diagonal the square of the spectro-
scopic parameters uncertainties. For the present investigations, the non-diagonal elements
are set to 0 (no correlations between the parameters) for all the species, except for HNO3

for which it was assumed a correlation of 0.6 between the same parameter.
The magnitude of the uncertainties correspond to the current state of the spectroscopic
knowledge, as given in the updated spectroscopic database (WP201). In case when no
knowledge about one parameter is available in the database, this is set to a default value.
This is the case of self broadening parameters (sgam and nself) for which a default value
of 200% has been assumed. An exception to that is the parameters connected with the O2

lines for which agam refers to broadening only due to N2, and sgam refers to broadening due
to O2. For this special case of O2, the assumed accuracies in the self broadening parameters
are the same as for the air broadening parameters (10% and 20%, respectively). For the
pressure shifts, since they are very difficult to be measured, an estimated value for all the
lines belonging the the same molecular species has been assumed:

2.1.8. Format of MYTRAN database

The used line list format is MYTRAN, defined in the previous spectroscopy study (see
Ref. [BAUE98a]), which is a slight modification of the HITRAN format. This format is as
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species estimated value species estimated value
H2O 300 kHz/Torr O3 20 kHz/Torr
N2O 20 kHz/Torr CO 20 kHz/Torr
O2 50 kHz/Torr CH3Cl 300 kHz/Torr
HCl 200 kHz/Torr¡ all the others 1MHz/Torr

Table 2.8: Investigated pressure shift accuracies.

follows:

MO (I2) = molecule number
ISO (I1) = isotope number (1 = most abundant, 2 = second, etc)

∗ ν0 (F13.4) = line position in MHz
∗ errf (F8.4) = accuracy of ν0 in MHz

S (E10.3) = intensity in cm-1/(mole * cm-2) at 296 K
∗ agam (F5.2) = air-broadened halfwidth (HWHM) in MHz/Torr at T0

∗ sgam (F5.2) = self-broadened halfwidth (HWHM) in MHz/Torr at T0

E (F10.4) = lower state energy in wavenumbers (cm-1)
nair (F4.2) = coefficient of temperature dependence of air-broadened halfwidth

∗ nself (F4.2) = coefficient of temperature dependence of self-broadened halfwidth
# T0 (F7.2) = reference temperature for agam and sgam

∗ Psift (F9.6) = shift of transition due to pressure (MHz/Torr)
V1 (I3) = upper state global quanta index
V2 (I3) = lower state global quanta index
Q1 (A9) = upper state local quanta
Q2 (A9) = lower state local quanta
IERS (I1) = accuracy index for S
IERH (I1) = accuracy index for agam

# IERN (I1) = accuracy index for nair

+ IBAND1 (I1) = index for Band B
+ IBAND2 (I1) = index for Band C
+ IBAND3 (I1) = index for Band D
+ IBAND4 (I1) = index for Band E
+ IBAND5 (I1) = index for Band F

Format specifiers in parentheses are according to the syntax of the FORTRAN program-
ming language. Rows marked with an asterisk have a different format from HITRAN, rows
marked with a # sign are in addition to HITRAN, and rows marked with + are just in ’re-
duced’ and ’very reduced’ database (Section 2.1.3.). The transition probability was taken
out of the catalog since it is not used for our purposes. Please refer to the documentation
of the HITRAN catalog for details (Section 1.2.3). The quanta and lookup indices are not
needed for the forward calculation. They were left blank for lines from other sources than
HITRAN. The 5 additional fields (IBABD1, IBAND2, IBAND3, IBAND4, and IBAND5)
are specific to the 5 MASTER spectral ranges. The field for one specific band set to ’1’
means that the respective line should be used in the calculation of the spectra of the re-
spective band; set to ’0’ means that the line should be not used. The definition of the
accuracy indices IERS, IERH and IERN for halfwidth and temperature dependence is as
follows:

Index: 0 1 2 3 4 5 6 7 8 9

-----------------------------------------------------------

Relative error [%]: 200 100 50 30 20 10 5 2 1 0.5
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2.2. Error analysis results

The error analysis results in each MASTER band and for each investigated spectroscopic
parameter (intensity, line position, etc.) are presented in the followings. Since the results
are displayed in rather complicated figures, trying to present the results in a comprehensive
way, some introductory words are necessary. The right plot of each Figure displays the error
caused on one retrieved quantity by one parameter of one individual line (lines listed in the
right of the plot), in decreasing order of their contributions at the total error. The retrieval
precision (defined by Eq. (2.14)) is also included. For the clarity, two x-axis are displayed
in each plot; the bottom x-axis refers to the error caused by spectroscopic parameter on
the retrieved quantity (in [%] for the species, and in [K] for temperature), while the top
x-axis refers to the retrieval precision (in [%] for the species, and in [K] for temperature).
Only the terms which have a contribution higher than 5% to the total error are displayed.
The right plot of each figure displays the total errors associated with lines parameters of
the same molecular species (e.g., total O3 is the cumulated error coming from all O3 lines
included in the database). Displayed is only the altitude range for which a measurement
response of the retrieved quantity in question better than 0.3 is achieved.
Similar results for the pointing off-set retrieval are presented in tables.

2.2.1. MASTER B

The absorption spectra for each species included in the forward calculation, and the total
absorption in the spectral range of MASTER B, are shown in Figure2.6. The calculation
is performed by considering about 3000 lines assigned to different species. For each specific
line and each spectroscopic parameter, the impact of the uncertainty stated in spectroscopic
database on the retrieval is investigated.
The retrieval errors generated on the target species in MASTERB (O3, N2O and HNO3)
and on the temperature are shown in Figures 2.7–2.25.
The results for pointing off-set retrieval are shown in Table2.9.
Regarding the intensity error, the error is mainly caused by a few lines. For the O3

retrieval the O3 line at 300.685GHz gives an error of more than 2% in the entire altitude
range (Figure2.7). However a not negligible error (2% at some altitudes) is caused by the
O3 lines at 301.813GHz and 303.165GHz. This was already expected, as the three O3 lines
are the strongest ones in the considered spectral range (see Figure2.6). A slightly smaller
contributions is also given by O2 line at 298.473GHz. The total error about 4–5%.
For the N2O retrieval the main error is caused by the N2O line. The uncertainty of 10% in
the N2O line (301.443GHz) is exactly translated into an error in the retrieval (also 10%).
A non-negligible error is generated also by the same three strong O3 lines as in case of
the O3 retrieval (Figure2.8). Among these, the highest error is caused by the O3 line
at 301.813GHz. This is understandable, as the strongest N2O line (at 301.443GHz) is
located very close to this line. The error caused by the intensity uncertainty of O2 line at
298.473GHz is about 2% at low altitudes.
The accuracy of the O2 line intensity is somewhat important for HNO3 retrieval at low
altitudes (see Figure2.9). However, at these altitudes the retrieval precision is rather poor.
At altitudes where a good precision is achieved (around 20 km, see Figure2.9), only the O3

lines at 301.813, 300.685 and 303.165GHz generate a visible error on the retrieved HNO3.
The HNO3 lines generate an total error of 2% on the retrieved HNO3. The total intensity
error at altitudes of interest is about 3%.
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Figure 2.6: BandB: Total (thick line) and individual species absorption (listed in the
right side). The main target species are in bold.

The temperature retrieval (see Figure2.10) is mainly influenced by the uncertainties in the
intensity of the O2 line at 298.473GHz (1.5K Kelvin at low altitudes), and by the three
O3 lines (301.813, 300.685 and 303.165GHz). Uncertainties in the intensity of O3 lines at
301.813GHz and 300.685GHz and O2 line at 298.473GHz generate an comparable error
(about 10m) on the retrieved pointing offset.
The considered uncertainties in line positions generate a negligible error on the retrieval.
For instance it is less than 1% on the retrieved O3 (see Figure2.11). The same findings
are valid for the other retrieved quantities.
Regarding the pressure broadening parameter, the air broadening parameters, agam, of a
few lines (the strongest ones in this spectral range) turn to weight the most for the a good
retrieval quality. The impact on the O3 retrieval (Figure2.12) is about 5%. The agam of
O3 lines at 301.813GHz and 300.685GHz are mainly responsible for this error. The total
agam error on the N2O retrieval is about 30% (Figure2.13). The error on the N2O retrieval
is dominated by the agam parameter of the N2O line at 301.443GHz. The parameters of
O3 lines at 301.813 and 303.165GHz can also generate a ’visible’ error on the retrieved
N2O. The error generated on the retrieved HNO3 is larger than 40% at low altitudes
(Figure2.14). The contributions to this error are coming from the 30% uncertainty in
agam of N2O line but also some small contributions are coming from O3 lines at 301.813,
300.685GHz and 303.165GHz, and from O2 line at 298.473GHz. At higher altitudes (15–
30 km), where the good information about HNO3 is obtained, the total error is dominated
by the agam parameters of HNO3 lines (generally, the agam parameter of the HNO3 lines is
known with a precision of 20%). The total error generated by the uncertainties in the HNO3

lines intensities (assumed to have a 0.6 correlation) is about 10%. Small contributions are
coming from the agam parameters of the O3 lines at 301.813 and 303.165GHz.
The air broadening parameters are found to have a significant impact on the retrieved
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temperature (Figure2.15). The total error due to air broadening parameters reaches a
value larger that 8K. Again, the highest error on the retrieved temperature is connected
with the three strong O3 lines at 301.813, 300.685, and 303.165GHz, but also with the
O2 line at 298.473GHz (it gives an error of 3K at altitudes around 10 km). The error
generated by agam parameters on the pointing offset retrieval is about 90m (Table2.9);
the same strong O3 lines and N2O line mainly contribute to this error.
Similar findings apply for the temperature exponent nair (see figures2.16–2.19). Generally,
the most important parameters are connected with the three O3 lines at 301.813, 300.685,
and 303.165GHz, with the N2O line at 301.443GHz (for the N2O retrieval, Figure2.16),
and with O2 line at 298.473 GHz (for temperature retrieval, Figure2.19). The total nair

error on the retrieved pointing offset is about 52m, mainly due to the parameters of the
O3 lines at 301.813GHz (42m), 300.685GHz (18m), and 303.165GHz (16m), and N2O
line at 301.443GHz (18m) (see Table2.9).
On the other hand, the self broadening parameters, both sgam and nself, have small impact
on the retrieval. The only exception is the parameters related to the O2 line at 298.473GHz,
which could lead to a non-negligible error on the retrieval (Figures2.20 and2.21, and
Table2.9).
The error generated by the pressure shifts is generally small, i.e., 1 – 2% on the retrieved
O3 (Figures2.22) and N2O (Figure2.23) and slightly higher on HNO3 and temperature
retrieval (Figure2.25). In the case of HNO3 retrieval, the shifts in the HNO3 lines are
somewhat important at altitudes around 20 km where good information on HNO3 can be
extracted (see Figure2.24). One should keep in mind that the assumed uncertainty for
the HNO3 lines is 1MHz/Torr, value which can be regarded as pessimistic. The error
generated on the pointing offset is rather small (about 15m, see Table2.9).
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Figure 2.7: BandB, O3: Individual line intensity error and total intensity error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.8: BandB, N2O: Individual line intensity error and total intensity error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.9: BandB, HNO3: Individual line intensity error and total intensity error. Only
the individual terms which have a contribution larger than 5% to the total error are dis-
played. The retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.10: BandB, Temperature: Individual line intensity error and total intensity
error. Only the individual terms which have a contribution larger than 5% to the total
error are displayed. The retrieval precision is also displayed (x axis for this is shown at the
top).
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Figure 2.11: BandB, O3: Individual line position error and total line position error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.12: BandB, O3: Individual agam error and total agam error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.13: BandB, N2O: Individual agam error and total agam error. Only the individ-
ual terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.14: BandB, HNO3: Individual agam error and total agam error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.15: BandB, Temperature: Individual agam error and total agam error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.16: BandB, O3: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.17: BandB, N2O: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.18: BandB, HNO3: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.19: BandB, Temperature: Individual nair error and total nair error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.20: BandB, Temperature: Individual sgam error and total sgam error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.21: BandB, Temperature: Individual nself error and total nself error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.22: BandB, O3: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.23: BandB, N2O: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.24: BandB, HNO3: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (x axis for this is shown at the top).
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Figure 2.25: BandB, Temperature: Individual and total pressure shift error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (x axis for this is shown at the top).
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Line Parameter Uncertainty Generated error [m]
Retrieval precision 43

Total S 20
O3-*@301.813GHz S 2% 13
O2-68@298.473GHz S 1% 12
O3-*@300.685GHz S 2% 9
O3-*@303.165GHz S 2% 4
O3-*@297.173GHz S 5% 2
O3-*@298.365GHz S 5% 2
Total agam 90
O3-*@301.813GHz agam 10% 66
N2O-*@301.443GHz agam 30% 47
O3-*@300.685GHz agam 10% 27
O3-*@303.165GHz agam 10% 23
O2-68@298.473GHz agam 10% 14
O2-67@305.008GHz agam 20% 5
O2-67@304.76GHz agam 20% 2
O2-67@304.737GHz agam 20% 2

Total sgam 3
O2-68@298.473GHz sgam 10% 3

Total nair 52
O3-*@301.813GHz nair 30% 42
O3-*@300.685GHz nair 30% 18
N2O-*@301.443GHz nair 50% 18
O3-*@303.165GHz nair 30% 16
O2-68@298.473GHz nair 20% 6

Total nself 1
O2-68@298.473GHz nself 20% 1

Total pSf 15
HNO3-*@294.231GHz pSf 1.00MHz/Torr 3
HNO3-*@294.262GHz pSf 1.00MHz/Torr 2
O3-*@301.813GHz pSf 0.02MHz/Torr 2
HNO3-*@294.198GHz pSf 1.00MHz/Torr 2
HNO3-*@294.198GHz pSf 1.00MHz/Torr 2
HNO3-*@294.294GHz pSf 1.00MHz/Torr 2
O3-*@303.165GHz pSf 0.02MHz/Torr 1

Table 2.9: BandB: Impact of the spectroscopic parameters on the pointing offset retrieval.
Listed are the parameters and the lines, the assumed accuracy, the most important gener-
ated error contribution, in decreasing order of magnitude, on the retrieved pointing offset.
The retrieval precision is also tabulated.
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2.2.2. MASTER C

The absorption spectra for each molecular species included in calculations, together with
the total absorption, are shown in Figure2.26. The spectral line database used includes
about 2500 lines. The impact of the spectroscopic parameters for all the spectral lines
present in database has been investigated. Figures2.27–2.35 displays the error anal-
ysis results for the target species of MASTERC. The same quantities as explained in
Section 2.2.1. are plotted. The results for the pointing offset retrieval are tabulated in
Table2.10.
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Figure 2.26: BandC: Total (thick line) and individual species absorption (listed in the
right side). The main target species are in bold.

The intensity error is mainly dominated by the uncertainties in the O3 lines at 316.682,
317.195, and 319.997GHz; the 317.195GHz line seems to be more important. The total
intensity error is about 3% for the O3 retrieval (Figure2.27). The H2O line at 325.153GHz
is only important for the H2O retrieval. In this case the uncertainty in the line intensity
is directly translated into a retrieval error (Figure2.28). However the accuracy of the
retrieved H2O is also influenced by the accuracy in the intensities of the O3 lines at 317.195,
and 319.997GHz. The same O3 lines weight the most to the retrieval accuracy of the
pointing offset (see Table2.10).
As already found for MASTERB, the current uncertainties in the line positions turn to
have a very small impact on the retrieval. The results for the H2O retrieval are shown in
Figure2.29; the total error generated on the retrieved H2O due to line position uncertain-
ties is less than 0.2%.
The total error generated by agam is large as 10% on the retrieved O3 and H2O (Fig-
ures2.30 and 2.31).
The air broadening parameters agam of the O3 lines at 317.195 and 319.997GHz turn
to have the highest influence on the retrieval. A somewhat lower contribution comes also
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from the O3 line at 316.682. The agam parameters have the largest impact on the retrieved
pointing offset (a error of order of several hundreds, Table2.10). Again, the highest error
is connected with the parameters of the O3 lines at 319.997 and 317.195GHz.
Regarding the temperature exponent nair, the most important are again the parameters of
the O3 lines at 317.195 and 319.997GHz (Figures2.32 and 2.32 and Table2.10).
On the other hand, the two self broadening parameters, sgam and nself, have a negligible
impact on the retrieval accuracy.
The error generated by the pressure shifts is of the order of a few percents (Figures2.34 and
2.35). The main contributions to this error are coming from the 0.3MHz/Torr assumed
uncertainty on the H2O lines (at 325.153, and 321.226GHz). The generated error on the
pointing offset retrieval is about 90m (Table2.10). The main error is coming from the
H2O line at 325.153GHz.
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Figure 2.27: BandC, O3: Individual line intensity error and total intensity error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.28: BandC, H2O: Individual line intensity error and total intensity error. Only
the individual terms which have a contribution larger than 5% to the total error are dis-
played. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.29: BandC, H20: Individual line position error and total line position error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.30: BandC, O3: Individual agam error and total agam error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.31: BandC, H2O: Individual agam error and total agam error. Only the individ-
ual terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.32: BandC, O3: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.33: BandC, H2O: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.34: BandC, O3: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.35: BandC, H2O: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Line Parameter Uncertainty Generated error [m]
Retrieval precision 61

Total S 65
O3-*@317.195GHz S 2% 50
O3-*@319.997GHz S 2% 34
O3-*@316.327GHz S 2% 20
O3-*@323.704GHz S 5% 11
O3-*@316.682GHz S 5% 5
O3-*@322.003GHz S 5% 4
H2O-*@321.226GHz S 5% 3
O3-*@322.137GHz S 5% 3
H2O-*@325.153GHz S 5% 2
Total agam 256
O3-*@319.997GHz agam 10% 181
O3-*@317.195GHz agam 10% 163
O3-*@316.327GHz agam 10% 61
O3-*@316.682GHz agam 10% 41
H2O-*@325.153GHz agam 1% 21
O3-*@323.704GHz agam 10% 15
H2O-*@321.226GHz agam 30% 8
O3-*@322.003GHz agam 10% 3

Total nair 178
O3-*@319.997GHz nair 30% 106
O3-*@317.195GHz nair 30% 104
H2O-*@325.153GHz nair 20% 85
O3-*@316.327GHz nair 30% 39
O3-*@316.682GHz nair 30% 25
O3-*@323.704GHz nair 30% 9

Total pSf 88
H2O-*@325.153GHz pSf 0.30MHz/Torr 88
O3-*@316.327GHz pSf 0.02MHz/Torr 5
O3-*@317.195GHz pSf 0.02MHz/Torr 2

Table 2.10: BandC: Impact of the spectroscopic parameters on the pointing offset re-
trieval. Listed are the parameters and the lines, the assumed accuracy, the most important
generated error contribution, in decreasing order of magnitude, on the retrieved pointing
offset. The retrieval precision is also tabulated.
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2.2.3. MASTER D

The absorption spectra for each molecular species considered in forward calculation, to-
gether with the total absorption in MASTER D spectral range are shown in Figure2.36.
About 2000 lines has been used in calculation. An error analysis for all the lines and pa-
rameters has been performed. The results for the target species retrieval (CO, HNO3 and
BrO) and the temperature retrieval are shown in Figures2.37–2.55. The results for the
pointing offset retrieval are shown in Table2.11.
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Figure 2.36: BandD: Total (thick line) and individual species absorption (listed in the
right side). The main target species are in bold.

Regarding the intensity error, the retrieval accuracy is generally influenced by the uncer-
tainties in intensity of a few lines. The O3 retrieval is mainly influenced by the uncer-
tainties in the intensities of the O3 lines at 343.506GHz (2–3% in entire altitude range),
and at 343.238GHz and 343.181GHz, specially at low altitudes (Figure2.37). For the
CO retrieval an uncertainty of 2% in the intensity of CO line at 345.798GHz, is directly
translated into a retrieval error (see Figure2.38). An intensity uncertainty of 1% in the
O2 line at 345.018GHz leads to a doubled error on the CO retrieval at altitudes between
10 and 20 km. For the HNO3 retrieval at low altitudes the error is mainly generated by
the O3 line at 343.506, and by the O2 line at 345.018GHz (Figure2.39). This was already
expected as the strong HNO3 lines are found around 344GHz, between the two strong O3

and the O2 lines (see Figure2.36). In the altitude range where good information on HNO3

can be extracted (15–30 km), the total intensity error is about 2%. At these altitudes the
HNO3 lines mainly contribute (see total error for HNO3); they influence almost equally
the retrieval quality of HNO3 (about 2% for each individual line). The uncertainties in
the strong lines have a high impact on the weak species retrieval. The total intensity error
on the BrO retrieval is about 50% at altitudes where good retrieval precision is achieved
(see Figure2.40). The most critical seem to be the HNO3 lines cluster at 344GHz (the
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intensities of these lines are generally known with a accuracy of 2%). The total error on
retrieved BrO due to HNO3 lines is about 35% at altitudes of 22 km. BrO retrieval is also
sensitive to the O2 line at 345.018GHz (Figure2.40). That is already understandable as
the two BrO clusters are located on the wings of this O2 line (see Figure2.36). Thus, an
uncertainty of 1% in the O2 line is very much amplified, leading to an error larger than 5%
on the retrieved BrO. The BrO retrieval is also slightly influenced by the uncertainties in
the intensity of the O3 lines at 343.506, 343.238, and 343.181GHz (each of individual line
generates an error of more than 10%, especially at low altitudes) . Regarding the temper-
ature retrieval, the uncertainties in intensity of the three O3 lines (343.506, 343.238, and
343.181GHz) strongly influence the temperature retrieval accuracy (a retrieval error larger
than 2K, see Figure2.41). The temperature retrieval is less sensitive to the uncertainties
in the O2 line intensity (an error of 1K only at altitudes around 11 km where a poorer
retrieval precision is achieved). The total intensity error generated on the pointing offset
retrieval is rather small (about 5m). The main contributions to this error are coming from
the three O3 lines (see Table2.11).
The line positions are found to be accurate enough. The error generated on the retrieval
is overall very small.
The retrieval is found to be somewhat more sensitive to the air broadening parameter agam.
At altitudes around 15 km, where the best retrieval precision is obtained, the retrieval
error of CO is dominated by the 10% agam uncertainty in the O2 line at 345.081GHz (see
Figure2.42) and slightly influenced by the O3 lines at 343.238, 343.181 and 343.506GHz.
The error coming from agam of the CO line at 345.796GHz is rather small (2-3%), a
consequence that this parameter is know with a much better accuracy (2% compared to
10% for the O2 line). Interesting is to see that at higher altitudes the error on CO is
dominated by the HNO3 lines. For the HNO3 retrieval at low altitudes, the most critical
are the air broadening parameters of the same O3 and O2 lines (Figures2.43 and 2.47);
at high altitudes the error is dominated by the cumulated impact from the HNO3 lines.
The accuracy of the BrO retrieval is highly influenced by the air broadening parameters
of the HNO3 lines around 344GHz, but also by the parameters of the three strong O3

lines (343.506, 343.238, and 343.181GHz). The total error generated by the air broadening
parameters reaches a high value of 600% at altitudes where best retrieval precision is
achieved (Figure2.44). The error on the temperature retrieval is also dominated by the
air broadening parameters of the three O3 lines (more than 10K) and also HNO3 lines,
and less influenced by the air broadening parameter of the O2 line (Figure2.45). The
parameters of the same three O3 lines and O2 line weight the most to this error. The error
generated by agam on the retrieved pointing offset is of 20m (Table2.11). The same O3

lines account the most to this error.
Regarding the nair parameters, the most critical are the parameters connected with O3

lines at 343.506, 343.238 and 343.181GHz, and O2 line at 345.018GHz (Figure2.46). The
nair temperature exponent of the CO line has a small impact on the CO retrieval; this
is just because this is known with a much better accuracy (10%), compared to the nair

parameters corresponding to the other listed lines (30 and 20%). The three O3 lines listed
above have the highest influence on the retrieval accuracy of BrO (Figure2.48). The nair

parameters of the individual HNO3 lines has a smaller impact (compared to the one of
the O3 lines) but still significant (up to 50%); the cumulated effect of the HNO3 lines is
about 100%. The accuracy of the temperature exponent nair turn to be also crucial for an
accurate retrieved temperature (error of a few Kelvin, see Figure2.49). The parameters
of the O3 lines at 343.506, 343.238 and 343.181GHz, and the parameter of the O2 line
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(only at altitudes around 15 km) are the most crucial. The error generated by nair on the
retrieved pointing offset about of 7m (Table2.11); O3 lines at 343.506 and 343.238GHz
are responsible for this error.
Contrary, the self broadening parameters, sgam and nself (except the parameters of the O2

line at 345.018GHz) have a rather small impact on the retrieval. The error caused by the
sgam and nself of the O2 line at 345.018GHz is the most remarkable for the temperature
retrieval (see figures2.50 and 2.51), at altitudes around the tropopause.
The uncertainties in the pressure shifts could have also a high impact on the retrieval.
The most critical are the 1MHz/Torr assumed uncertainty in the HNO3 lines at 344GHz
(Figures2.54–2.55). The pressure shifts of the O3 lines at 343.506, 343.238, 343.181GHz,
and of the O2 line at 345.018GHz is somewhat important for the temperature retrieval
(each gives an error of about 0.5K, Figure2.55). The error generated on the retrieved
pointing offset is rather small (Table2.11).
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Figure 2.37: BandD, O3: Individual line intensity error and total intensity error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.38: BandD, CO: Individual line intensity error and total intensity error. Only
the individual terms which have a contribution larger than 5% to the total error are dis-
played. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.39: BandD, HNO3: Individual line intensity error and total intensity error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.40: BandD, BrO: Individual line intensity error and total intensity error. Only
the individual terms which have a contribution larger than 5% to the total error are dis-
played. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.41: BandD, Temperature: Individual line intensity error and total intensity
error. Only the individual terms which have a contribution larger than 5% to the total
error are displayed. The retrieval precision is also displayed (the x axis for this is shown
at the top).
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Figure 2.42: BandD, CO: Individual agam error and total agam error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.43: BandD, HNO3: Individual agam error and total agam error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.44: BandD, BrO: Individual agam error and total agam error. Only the individ-
ual terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.45: BandD, Temperature: Individual agam error and total agam error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.46: BandD, CO: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.47: BandD, HNO3: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.48: BandD, BrO: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.49: BandD, Temperature: Individual nair error and total nair error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.50: BandD, Temperature: Individual sgam error and total sgam error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.51: BandD, Temperature: Individual nself error and total nself error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.52: BandD, CO: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.53: BandD, HNO3: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.54: BandD, BrO: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.55: BandD, Temperature: Individual pressure shift error and total pressure
shift error. Only the individual terms which have a contribution larger than 5% to the
total error are displayed. The retrieval precision is also displayed (the x axis for this is
shown at the top).
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Line Parameter Uncertainty Generated error [m]
Retrieval precision 31

Total S 5
O3-*@343.181GHz S 5% 4
O3-*@343.506GHz S 2% 3
O2-68@345.018GHz S 1% 1
O3-*@343.238GHz S 2% 1
Total agam 22
O3-*@343.506GHz agam 10% 9
O2-68@345.018GHz agam 10% 5
HNO3-*@344.304GHz agam 20% 4
HNO3-*@344.333GHz agam 20% 4
HNO3-*@344.362GHz agam 20% 3
HNO3-*@344.395GHz agam 20% 3
HNO3-*@344.436GHz agam 20% 3
HNO3-*@344.274GHz agam 20% 3
HNO3-*@344.496GHz agam 20% 3
HNO3-*@344.242GHz agam 20% 3

Total nair 7
O3-*@343.506GHz nair 30% 5
O2-68@345.018GHz nair 20% 2
O3-*@343.181GHz nair 30% 3

Total pSf 7
HNO3-*@344.242GHz pSf 1.00MHz/Torr 5
HNO3-*@344.274GHz pSf 1.00MHz/Torr 4
HNO3-*@345.309GHz pSf 1.00MHz/Torr 3
HNO3-*@344.304GHz pSf 1.00MHz/Torr 3
HNO3-*@344.831GHz pSf 1.00MHz/Torr 3
HNO3-*@344.834GHz pSf 1.00MHz/Torr 3
HNO3-*@344.602GHz pSf 1.00MHz/Torr 2
HNO3-*@344.602GHz pSf 1.00MHz/Torr 2
HNO3-*@344.333GHz pSf 1.00MHz/Torr 2
HNO3-*@344.496GHz pSf 1.00MHz/Torr 2
HNO3-*@345.211GHz pSf 1.00MHz/Torr 2
O2-68@345.018GHz pSf 0.05MHz/Torr 1

Table 2.11: BandD: Impact of the spectroscopic parameters on the pointing offset re-
trieval. Listed are the parameters and the lines, the assumed accuracy, the most important
generated error contribution, in decreasing order of magnitude, on the retrieved pointing
offset. The retrieval precision is also tabulated.
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2.2.4. MASTER E

The absorption spectra for each molecular species, together with the total absorption in
the spectral range of band MASTERE, are displayed in Figure2.56. The used spectral
data contains about 2700 lines. The errors generated by the lines spectroscopic parameters
on the target species in MASTERE (O3, N2O, BrO, H2O, CH3Cl and ClO) and on the
temperature are shown in Figures 2.57–2.85. The results for pointing offset retrieval are
shown in Table2.12.
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Figure 2.56: BandE: Total (thick line) and individual species absorption (listed in the
right side). The main target species are in bold.

An uncertainty in the intensity of strong O3 lines (see Figure2.56) is translated into the
O3 retrieval (Figure2.57). The same applies for the N2O retrieval; an uncertainty of 10%
on the N2O line at 502.296GHz generates an error of about 10% on the retrieved N2O
(Figure2.58), or for the H2O retrieval where an uncertainty of 5% in the strongest H2O
line at 503.569GHz (see Figure2.56) generates an error of about 5% on the retrieved H2O
(Figure2.59). The error on ClO retrieval is small (2%). The uncertainties in the strong O3

lines have a high impact on the weak species retrieval, such as BrO (250%, see Figure2.61)
and CH3Cl (much smaller compared to BrO but still not negligible, see Figure2.62) on the
temperature retrieval (Figure2.63) and on the pointing offset retrieval (Table2.12). In all
cases, the same O3 lines give the main contributions to the total error. It is interesting to
see that the line assigned to the weak species have a rather small impact on the retrieval
of the same species. For instance, looking the total errors on the retrieved BrO caused
by the lines assigned to different species (Figure2.61, right plot) one sees that the total
error is dominated by error coming from the O3 lines; the error coming from the BrO lines
themselves is small. The same applies for the CH3Cl retrieval (Figure2.62, right plot).
The cumulated error caused by the CH3Cl lines is about 5%, the same oder of magnitude
with the assumed uncertainty in most of each particular CH3Cl line.
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On the other hand, the error generated by the line position uncertainties is overall very
small.
The air broadening parameters have a considerable impact on retrieval (Figures2.63–
2.70). Overall, the most crucial parameter is connected with the N2O line at 502.296GHz.
For retrieved BrO the some important contribution are coming from the parameters of O3

lines at 497.098GHz (2% uncertainty), 497.973GHz (10% uncertainty), and 505.369GHz
(10% uncertainty) (see Figure2.68). The error generated on the retrieved CH3Cl by agam

is about 20% at altitudes where good information on the respective species are obtained
(Figure2.69). The error is again dominated by the agam of the N2O line at 502.296GHz.
The impact of the parameters of CH3Cl lines on the CH3Cl itself is quite small (total error
less than 5%, see Figure2.69)
The error generated on the temperature retrieval by the agam parameters can be as large as
10K (see Figure2.70). The parameters of the same N2O line contribute the most. The air
broadening parameters have significant impact on the retrieved pointing offset; the most
critical is agam parameter of N2O line at 502.296GHz (321m) (Table2.12).
The results for the the temperature exponent nair are shown in figures2.71–2.77. Again,
the parameter related the N2O line at 502.296GHz turns to be the most crucial. The
parameters of the O3 line at 497.098GHz, and 497.973GHz give also a non-negligible error
on the retrieved BrO (Figure2.75).
On the other hand, the errors generated by the self broadening parameters are overall
negligible (Figures2.78 and 2.79).
The errors caused by the pressure shifts are found to be non-significant. The only term
which gives a contribution, especially at low altitudes, is the investigated uncertainty of
0.3MHz/Torr in the H2O lines (Figures2.80–2.85). Some contributions are also coming
from the HNO3 lines, O3 lines, and N2 line at 502.226GHz (see Figure2.83). The generated
error on the pointing offset retrieval is rather small (see Table2.12).
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Figure 2.57: BandE, O3: Individual line intensity error and total intensity error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.58: BandE, N2O: Individual line intensity error and total intensity error. Only
the individual terms which have a contribution larger than 5% to the total error are dis-
played. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.59: BandE, H2O: Individual line intensity error and total intensity error. Only
the individual terms which have a contribution larger than 5% to the total error are dis-
played. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.60: BandE, ClO: Individual line intensity error and total intensity error. Only
the individual terms which have a contribution larger than 5% to the total error are dis-
played. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.61: BandE, BrO: Individual line intensity error and total intensity error. Only
the individual terms which have a contribution larger than 5% to the total error are dis-
played. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.62: BandE, CH3Cl: Individual line intensity error and total intensity error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.63: BandE, Temperature: Individual line intensity error and total intensity
error. Only the individual terms which have a contribution larger than 5% to the total
error are displayed. The retrieval precision is also displayed (the x axis for this is shown
at the top).

85



50 100 150

20

30

40

50

spectro. error [%] 

 a
lt

it
u

d
e 

[k
m

]

0 10 20 30

retrieval precision [%]  AGAM: Error on O3−*

Total: agam
N2O−*@502.296GHz |30%
H2O−*@503.569GHz |20%
O3−*@497.973GHz |10%
H2O−*@504.483GHz |20%
N2O−*@503.443GHz |30%
O3−*@497.098GHz |2%
Retrieval Precision 

Total: 
N2O−*
H2O−*
O3−*
HNO3−*
H2CO−*
OCS−*
CH3Cl−*
SO2−*
BrO−*
COF2−*
HOCl−*
ClO−*
NO2−*
HOBr−*50 100 150

20

30

40

50

spectro. error [%] 

Figure 2.64: BandE, O3: Individual agam error and total agam error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.65: BandE, N2O: Individual agam error and total agam error. Only the individ-
ual terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.66: BandE, H2O: Individual agam error and total agam error. Only the individ-
ual terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.67: BandE, ClO: Individual agam error and total agam error. Only the individ-
ual terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.68: BandE, BrO: Individual agam error and total agam error. Only the individ-
ual terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.69: BandE, CH3Cl: Individual agam error and total agam error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.70: BandE, Temperature: Individual agam error and total agam error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.71: BandE, O3: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.72: BandE, N2O: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.73: BandE, ClO: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.74: BandE, H2O: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.75: BandE, BrO: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.76: BandE, CH3Cl: Individual nair error and total nair error. Only the individ-
ual terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.77: BandE, Temperature: Individual nair error and total nair error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.78: BandE, Temperature: Individual sgam error and total sgam error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.79: BandE, Temperature: Individual nself error and total nself error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.80: BandE, O3: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.81: BandE, N2O: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.82: BandE, H2O: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.83: BandE, BrO: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.84: BandE, CH3Cl: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.85: BandE, Temperature: Individual pressure shift error and total pressure shift
error. Only the individual terms which have a contribution larger than 5% to the total
error are displayed. The retrieval precision is also displayed (the x axis for this is shown
at the top).
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Retrieval precision 49

Total S 42
O3-*@505.369GHz S 5% 26
O3-*@500.433GHz S 2% 25
N2O-*@502.296GHz S 10% 11
O3-*@505.257GHz S 2% 10
O3-*@497.973GHz S 2% 8
O3-*@498.748GHz S 2% 7
O3-*@505.113GHz S 5% 7
N2O-*@503.443GHz S 10% 3
O3-*@496.254GHz S 2% 3
Total agam 323
N2O-*@502.296GHz agam 30% 321
O3-*@497.973GHz agam 10% 27
H2O-*@503.569GHz agam 20% 8
N2O-*@503.443GHz agam 30% 7
O3-*@497.098GHz agam 2% 7
O3-*@505.369GHz agam 10% 3
O3-*@497.043GHz agam 10% 3

Total nair 128
N2O-*@502.296GHz nair 50% 127
O3-*@497.973GHz nair 30% 17
N2O-*@503.443GHz nair 50% 3
O3-*@497.098GHz nair 10% 2
H2O-*@503.569GHz nair 30% 2

Total pSf 4
HNO3-*@503.944GHz pSf 1.00MHz/Torr 2
HNO3-*@497.677GHz pSf 1.00MHz/Torr 1
HNO3-*@499.212GHz pSf 1.00MHz/Torr 1
HNO3-*@502.452GHz pSf 1.00MHz/Torr 1
O3-*@498.748GHz pSf 0.02MHz/Torr 1

Table 2.12: BandE: Impact of the spectroscopic parameters on the pointing offset re-
trieval. Listed are the parameters and the lines, the assumed accuracy, the most important
generated error contribution, in decreasing order of magnitude, on the retrieved pointing
offset. The retrieval precision is also tabulated.
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2.2.5. MASTER F

Figure2.6 displays the absorption spectra for each molecular species included in forward
calculation, and the total absorption. The main target species in this band are O3 (the
strongest line is found at 625.372GHz) and HCl (two clusters of lines are found around
624.9GHz, and 625.9GHz, respectively). The impact of different spectroscopic parameters
on the target species retrieval are shown in Figures2.87–2.94, and in Table2.12 for the
pointing-offset.
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Figure 2.86: BandF: Total (thick line) and individual species absorption (listed in the
right side). The main target species are in bold.

The intensity error on the species retrieval is mainly due to the uncertainties in the lines
assigned to the retrieved species itself. The O3 lines at 625.372 and 623.688GHz (note that
this line is outside of the considered spectral range) dominate the error on the O3 retrieval
(Figure2.87), while the HCl line clusters at 624.9 and 625.9GHz dominate the error on
the HCl retrieval (Figure2.88).
As already found for the other bands, the position of the lines are known with a sufficient
accuracy. The error generated on the retrieval is overall small.
The errors generated by the air broadening parameters (agam and nair) on the O3 and HCl
retrieval are displayed in figures2.89–2.92. Is interesting to see that the errors are mainly
dominated by the parameters of the O3 lines at 625.372 and 623.688GHz; the accuracies in
the parameters of the HCl lines slightly affect only the HCl retrieval (Figures2.90–2.92).
However, one has to note that the knowledge in agam of the HCl lines are much better
compared to the one for the O3 lines (10% for HCl lines compared to 30% for O3 lines).
The same statements are valid for the pointing offset retrieval (Table2.13).
The self broadening parameters, both sgam and nself, have a very small impact on the
retrieval.
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The error caused by the pressure shifts is rather small (a few percent both on the O3 and
HCl retrieval, Figures2.93 and 2.94).
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Figure 2.87: BandF, O3: Individual line intensity error and total intensity error. Only the
individual terms which have a contribution larger than 5% to the total error are displayed.
The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.88: BandF, HCl: Individual line intensity error and total intensity error. Only
the individual terms which have a contribution larger than 5% to the total error are dis-
played. The retrieval precision is also displayed (the x axis for this is shown at the top).

96



5 10 15 20

20

30

40

50

spectro. error [%] 

 a
lt

it
u

d
e 

[k
m

]

0 20 40 60

retrieval precision [%]  AGAM: Error on O3−*

Total: agam
O3−*@623.688GHz |10%
O3−*@625.371GHz |10%
HCl−*@625.919GHz |5%
HCl−*@625.902GHz |5%
O3−*@625.895GHz |10%
HCl−*@625.932GHz |5%
HCl−*@624.978GHz |5%
Retrieval Precision 

Total: 
O3−*
HCl−*
HOCl−*
HNO3−*
BrO−*
SO2−*
HO2−*
N2O−*
CH3Cl−*
HOBr−*
NO2−*
COF2−*

5 10 15 20

20

30

40

50

spectro. error [%] 

Figure 2.89: BandF, O3: Individual agam error and total agam error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.90: BandF, HCl: Individual agam error and total agam error. Only the individ-
ual terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.91: BandF, O3: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.92: BandF, HCl: Individual nair error and total nair error. Only the individual
terms which have a contribution larger than 5% to the total error are displayed. The
retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.93: BandF, O3: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Figure 2.94: BandF, HCl: Individual pressure shift error and total pressure shift error.
Only the individual terms which have a contribution larger than 5% to the total error are
displayed. The retrieval precision is also displayed (the x axis for this is shown at the top).
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Retrieval precision 87

Total S 53
O3-*@625.371GHz S 2% 40
O3-*@623.688GHz S 2% 35
HCl-*@624.978GHz S 2% 3
HCl-*@625.919GHz S 2% 3
O3-*@623.98GHz S 5% 2
HCl-*@625.932GHz S 2% 2
HCl-*@624.964GHz S 2% 2
O3-*@626.655GHz S 5% 1
HCl-*@625.902GHz S 2% 1
HCl-*@624.988GHz S 2% 1
O3-*@625.939GHz S 10% 1
Total agam 148
O3-*@623.688GHz agam 10% 128
O3-*@625.371GHz agam 10% 70
HCl-*@625.919GHz agam 5% 18
HCl-*@625.902GHz agam 5% 13
HCl-*@624.978GHz agam 5% 5
O3-*@625.895GHz agam 10% 4

Total nair 98
O3-*@623.688GHz nair 30% 85
O3-*@625.371GHz nair 30% 48
HCl-*@625.919GHz nair 10% 7
HCl-*@625.902GHz nair 10% 5
O3-*@625.895GHz nair 30% 2
HCl-*@624.978GHz nair 10% 2
O3-*@623.98GHz nair 30% 2
HCl-*@624.964GHz nair 10% 1
HCl-*@625.932GHz nair 10% 1
O3-*@625.564GHz nair 30% 1
HCl-*@624.988GHz nair 10% 1

Total pSf 16
HCl-*@625.919GHz pSf 0.20MHz/Torr 11
O3-*@623.688GHz pSf 0.02MHz/Torr 9
HCl-*@625.932GHz pSf 0.20MHz/Torr 6
HCl-*@625.902GHz pSf 0.20MHz/Torr 4
O3-*@625.371GHz pSf 0.02MHz/Torr 2
HNO3-*@624.484GHz pSf 1.00MHz/Torr 1

Table 2.13: BandF: Impact of the spectroscopic parameters on the pointing offset re-
trieval. Listed are the parameters and the lines, the assumed accuracy, the most important
generated error contribution, in decreasing order of magnitude, on the retrieved pointing
offset. The retrieval precision is also tabulated.
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2.2.6. Retrieval scheme optimization

The assessment of the line intensities error showed that the retrieval of the weak species is
very much affected by the uncertainties in the intensity of a few strong O3 lines. One cause
of this large impact could be due to the interfering O3 lines. Since the standard retrieval
scheme fits all the O3 lines simultaneously, it could happen, e.g., that more O3 is put in
the one part of the spectra while in the other part it is put less O3, as schematically shown
in Figure2.95. Thus, this ’wrong fit’ of one or few lines is translated into a retrieval error
of the weak species.

species 1

species 1

species 2

Figure 2.95: Schematically shown of possible propagation error due to the interfering
lines.

The question is whether a modification of the retrieval scheme could reduce the impact of
the strong lines on the weak species retrieval. One possibility would be to fit independently
the line parameters of each spectral lines which shows to have high impact on the weak
species retrieval.
In order to verify whether the proposed approach works, the case of retrieved BrO in
BandE is chosen as state-of-the-art case. For the standard retrieval scheme is has been
found that the total error on BrO generated by the uncertainties in line intensities reaches a
value of more than 250% at altitudes where the good retrieval precision on BrO is achieved
(Figure2.61). Looking at the individual terms one sees that the highest contribution to
this error is coming from 5% uncertainty in the intensity of the O3 line at 505.369GHz,
followed by the 2% uncertainty in the O3 line at 497.098GHz and 2% uncertainty in the O3

line at 498.798GHz. The error terms connected with the lines in concern are once again
displayed in Figure2.96, left plot. If one scales the generated error to the uncertainty (2%
instead 5%), the last two lines (at 497.098 and 498.798GHz) are weighting the most for an
accurate BrO retrieval. Therefore, a first attempt is to independently fit the two lines in
question beside of the other O3 lines. By doing that the error connected with the two lines
is practically vanished, a consequence of the fact that the line parameters are perfectly
fitted. Thus, the total error on the BrO is reduced to about 200% (Figure2.96, middle
plot). However, the total error is still large as the impact of the O3 line at 505.369GHz
remains unchanged. Therefore, a further step would be to try to retrieve in addition the
parameters of this line. Doing that, the total error on the retrieved BrO is significantly
reduced (from 200% to 60%, see Figure2.96, right plot).
It is interesting to note that good information on the O3 is obtained from each of the
three lines. Figure2.97 shows the O3 general retrieval performance results from O3 lines
at 497.098GHz (left), at 498.798GHz (middle), and at 505.369GHz (right). There is a
set of two plots for each retrieval scheme: the left plot of each set displays the retrieval
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precision (solid line) and the measurement error (dashed line), and the right plot displays
the averaging kernels and the measurement response (solid thick line). A comparable per-
formance is achieved from the lines at 497.098GHz and 498.798GHz. A slightly extended
measurement response at lower altitudes is achieved from the line at 498.798GHz (start-
ing at 12 km instead of 14 km). The information extracted from each of the two lines
are comparable with ones extracted from all lines together (Figure2.98, left plot). This
was expected as the two O3 lines are the strongest lines in the considered spectral range
(see Figure2.56). The information extracted from the O3 line at 505.369GHz are slightly
poorer (Figure2.97, right plot). Even excluding two or three strong lines still good in-
formation on O3 are obtained from the other remaining lines. Figure2.98 displays the
results for the O3 retrieval from all O3 lines, i.e., standard retrieval scheme, (left), from
the O3 lines except the first two strongest lines (middle), and from the O3 lines except the
strongest three lines (right).
However, increasing the number of retrieved parameters could have a negative impact on
the other retrieved quantities, but none is found. Contrary, not only the BrO retrieval
accuracy is improved but also the accuracy of the other retrieved quantities for which the
two or three lines were found to have a high impact on the retrieval. E.g., the error on
the retrieved temperature is also reduced as the impact of the three lines in questions is
reduced (Figure2.99).
In conclusion one can say that the intensity error on the weak species retrieval could be
much reduced by fitting separately the parameters of a few lines found to account the most
for an accurate retrieval. For the investigated case we found that, fitting separately three
strong lines overall improves the retrieval accuracy and it has no negative effects; on the
contrary, it positively affects the retrieval quality of the other quantities, as well. However
one should keep in mind that there is a upper limit for the number of the fitted parameters,
and therefore the proposed approach would work only in the case that a few number of
lines dominate the total error budget.
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Figure 2.96: BandE, BrO retrieval. Left: error terms for the standard retrieval scheme.
Middle: Error terms for the case when two O3 lines, found to account the most for a
accurate BrO retrieval, are treated separated. Right: Error terms for the case when three
O3 lines are treated separated. For the sake of clearness, only the individual error terms
connected with the lines in question are displayed. The total error for each of the retrieval
scheme is also displayed.
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Figure 2.97: BandE, O3 retrieval from O3 line at 497.098 (left), from O3 line at
498.798GHz (middle), and from the O3 line at 505.369GHz (right). For each retrieval
scheme, the set of two plots displays the retrieval precision and the measurement error in
the left, and the averaging kernels and measurement response in the right.
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Figure 2.98: BandE, O3 retrieval for standard retrieval scheme (left), for the additional
retrieval of two O3 lines (middle), and for the additional retrieval of three O3 lines (right).
For each retrieval scheme, the set of two plots displays the retrieval precision and the
measurement error in the left, and the averaging kernels and measurement response in the
right.
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Figure 2.99: BandE, temperature retrieval for standard retrieval scheme (left), for the
additional retrieval of two O3 lines (middle), and for the additional retrieval of three O3

lines (right). For each retrieval scheme, the set of two plots displays the retrieval precision
and the measurement error in the left, and the averaging kernels and measurement response
in the right.
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2.3. Conclusions

The present section tries to summarize the findings of the error analysis and give some
recommendations for measurements.
The error analysis yields the following general conclusions:

1. An uncertainty in the intensity of the strong lines give similar effect on the retrieval
of the species to which the lines belong. The uncertainties in these strong lines is
very much amplified with respect to the weak species retrieval, like BrO.

2. The intensity error on the weak species retrieval could be much reduced by fitting
separately the parameters of a few lines found the account the most for an accurate
retrieval. For the investigated case we found that fitting separately three strong lines
improves overall the retrieval accuracy and it has no negative effects. However one
should keep in mind that there is an upper limit for the number of parameters which
could be fitted independently.

3. The air broadening parameters, agam and their temperature exponents, nair, of a
few strong lines dominate the error budget. Generally, the retrieval error of the
species with strong signatures is dominated only by the parameters of the strong
lines assigned to the same species. However, the parameters of the strong lines have
a much higher impact on the retrieval of the weak species, like BrO.

4. Self broadening coefficients are known to a sufficient accuracy. This is even true for
species with high self broadening coefficients and high volume mixing ratios such
as water vapor and ozone. The only exceptions are the parameters of the O2 line
in MASTER B which lead to a non-negligible error, especially on the temperature
retrieval.

5. Generally the pressure shifts are found to have a rather small impact on the retrieval.
It turns out that the accurate estimation of the pressure shifts is only somewhat
important for the H2O and HNO3 lines. One has to keep in mind that the investigated
uncertainty for the HNO3 pressure shift is 1MHz/Torr, value which seems to be
overestimated.

When evaluating the error analysis results, a fundamental problem of errors assigned to
individual line parameters became evident. It seems that the errors given in the catalog
are too small when the lines are part of line clusters. The reason for this is that parameters
were assumed to be identical for the whole cluster. Hence, in reality only one parameter
for the whole cluster was fitted. This results in a small error for this parameter, which
can not be regarded as the error in the parameters of individual lines. This is the case
of HNO3 lines. The error analysis for this type of line clusters seems to systematically
underestimates the resulting error in the retrieval.
Table2.14 lists lines and parameters that seem to be crucial for the MASTER data analysis.
A summary of the results are given in figures2.100–2.105. Displayed are the retrieval
precision and the total errors for each parameter. The error budget for the pointing offset
retrieval are already given in Tables2.9–2.12
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Line Unc./param. Error
O3 at 301.813GHz 10% agam 7% (O3 at 10–15km), > 10% (N2O at 20-30km),

> 3K (T at 5-15km)
30% nair 4% (O3 at 15km), > 5% (N2O at 20-30km),

> 2K (T at 5-15km)
O3 at 303.165GHz 10% agam 5% (O3 at 15km), 10% (N2O at 20-30km),

> 3K (T at 5-15km)
30% nair 3% (O3 at 15km), 10% (N2O at 20-30km),

2K (T at 15-20km)
O3 at 317.195GHz 10% agam 10% (O3 at high altitudes),

>5% (H2O)
30% nair >1 5% (O3 at high altitudes),

>5% (H2O in all altitude range)
O3 at 319.997GHz 10% agam 10% (O3 at low altitudes),

> 10% (H2O at low altitudes)
30% nair 5% (O3 at low altitudes),

>10% (H2O at low altitudes)
O3 at 343.506GHz 10% agam >7% (CO at low altitudes), 100% (BrO, at 20km),

> 5K (T at altitudes up to 25km)
30% nair 5% (CO at low altitudes), 100% (BrO, at 20km),

> 2K (T at altitudes up to 25km)
O3 at 343.238GHz 10% agam 10% (CO at low altitudes),

>200% (BrO, at 20km),
>5K (T at 8-20km)

30% nair 150% (BrO, at 20km),
>3K (T at 8-20km)

O3 at 343.181GHz 10% agam 10% (BrO, at 20km),
> 2K (T at all altitudes)

30% nair 80% (BrO at 25km), )
> 1.5K (T at all altitudes)

O2 at 345.018GHz 10% agam 30% (CO at 10km),
> 100% (BrO at 15-25km)

20%nair 8% (CO at 10km),
> 60% (BrO at 15-25km)

N2O at 502.296GHz 30% agam > 20% (N2O), >10% (H2O at 5-20km),
>100% (BrO at 10-30km), 20% (CH3Cl at 10 20km),
5-10K (T at 5-20 km)

50% nair 10% (N20), > 5% (H2O at 5-20km),
50% (BrO at 10-30km, 10% (CH3Cl at 10 20km),
2-4K (T at 5-20 km)

O3 at 623.688GHz 20% agam 5% (O3 at all altitudes),
>20% (HCl at low altitudes)

Table 2.14: List of the spectral lines found to be the most critical for an accurate re-
trieval. Listed are the spectral lines, the investigated parameter uncertainty, and the error
generated on the retrieval.
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BAND B: Error budget on O3−*
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BAND B: Error budget on N2O−*
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BAND B: Error budget on HNO3−*
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BAND B: Error budget on Temperature
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Figure 2.100: Band B: Initial error budget for O3, N2O, HNO3 and Temperature
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BAND C: Error budget on O3−*
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BAND C: Error budget on H2O−*
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Figure 2.101: Band C: Initial error budget for O3 and H2O
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BAND D: Error budget on CO−*
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BAND D: Error budget on HNO3−*
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BAND D: Error budget on BrO−*
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BAND D: Error budget on Temperature
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Figure 2.102: Band D: Initial error budget for O3, HNO3, BrO and temperature
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BAND E: Error budget on ClO−*
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BAND E: Error budget on Temperature
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Figure 2.103: Band E: Initial error budget for ClO and temperature
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BAND E: Error budget on O3−*
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BAND E: Error budget on N2O−*

Precision
Total intensity
Total position
Total agam

Total sgam
Total nair
Total nself
Total Psift

Precision
Total intensity
Total position
Total agam

Total sgam
Total nair
Total nself
Total Psift

Precision
Total intensity
Total position
Total agam

Total sgam
Total nair
Total nself
Total Psift

Precision
Total intensity
Total position
Total agam

Total sgam
Total nair
Total nself
Total Psift

Precision
Total intensity
Total position
Total agam

Total sgam
Total nair
Total nself
Total Psift

Precision
Total intensity
Total position
Total agam

Total sgam
Total nair
Total nself
Total Psift

100 200 300 400 500 600
10

20

30

40

50

Error [%]

A
lt

it
u

d
e 

[k
m

]

Precision
Total intensity
Total position
Total agam

Total sgam
Total nair
Total nself
Total Psift

BAND E: Error budget on BrO−*
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BAND E: Error budget on H2O−*
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BAND E: Error budget on CH3Cl−*
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Figure 2.104: Band E: Initial error budget for O3, N2O, BrO, H2O, and CH3Cl
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BAND F: Error budget on O3−*
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BAND F: Error budget on HCl−*
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Figure 2.105: Band F: Initial error budget for O3 and HCl
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3. Selection of measurements

3.1. Introduction

The first two steps of the study, WP201 (chapter 1) and WP202 (chapter 2), have revealed
many lacks in the existing databases in the frequency ranges of MASTER which are given in
Table 1 of the preface.
A line is characterized by four parameters:
• n, center frequency (also called line position)
• kn(T), intensity
• d(T), line shift
• g(T), half width at half maximum (line broadening)
It is also important to point out that the used line profile (Voigt, Galatry, Rautian, etc.) may
affect the final accuracy. However, in our particular case, the Voigt profile is accurate enough
as shown in appendix II.

3.2. Line position

For the molecules of interest in these ranges, grouping together from the different databases
the best data concerning the positions of the lines leads to accurate frequencies. Their is no
need to remeasure the center frequencies. However, for HNO3 (see § 1.8), large errors were
identified in the databases and it is necessary to recalculate a new linelist using a new
theoretical model and the most recent experimental data. The results are presented in § 5.3.

3.3. Intensity

The calculation of the line intensity is detailed in the chapter 1. Once a rotational spectrum
has been thoroughly analyzed, the molecular parameters required for the prediction of
intensities are available with an accuracy which is generally sufficient. Briefly, there are three
factors which may affect the accuracy of the calculated intensity:

• the accuracy of the electric dipole moment. It has to be pointed out that, for many
molecules, there is only one experimental determination of the dipole moment and,
therefore, its accuracy is difficult to assess. Indeed, large errors have frequently been
found when a dipole moment is redetermined.

•  the approximations made for the calculation of the vibration-rotation partition
function, Qvr. In several cases, the vibrational contribution to the partition function has
been neglected.

• Non-rigidity effects.
The literature review (chapter 1) shows, that for the molecules considered in this work, the
electric dipole moment is known with a good accuracy. The only possible exception being
HNO3, but there are two independent determinations of the dipole moment [COX65,
KLEI87] which are in good agreement. Furthermore, a recent high level ab initio calculation
performed in the frame of the present contract confirms the accuracy of the experimental
values. In conclusion, there is no need of new measurement.
The literature review also shows that the partition function of BrO has to be calculated
because it is unknown. This will be done in chapter 5.
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Finally, the intensities of ozone and H2O have to be recalculated to take into account the non-
rigidity effects. The results are presented in § 5.2.

3.4. Line shift

The conclusion of chapter 1 is that the pressure shift, for pure rotational lines, is usually small
and can be either positive or negative. Because of its erratic rotational dependence, the value of
the shift is unpredictable (in value and sign) from one given transition to the other one.
However, from the initial retrieval analysis (chapter 2), it turns out that the magnitude of the
pressure shift uncertainty can have a high impact on the retrieval. The highest error is
connected with the O3 line at 301.813 GHz but the initial default value chosen for the
pressure shift in the initial retrieval analysis (1 MHz/Torr) seems to be quite large for pure
rotational transitions. Thus, it is important to estimate an upper limit for the pressure shift of
the rotational lines pertinent to our study. Our experience is that, in most cases, the pressure
shift is too small to be determined. This conclusion is strenghtened by many results recently
published, see appendix I.
However, to be sure, during the line broadening study (see § 3.5 and chapter 4), we tried to
determine the pressure shift of the measured lines.

3.5. Line broadening

In many cases, the line broadening parameters are not known and when they are tabulated,
they are in fact calculated with very crude approximations. The half width of a line at its half
maximum, g, may be written:
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g(p, ps) = agam(p - ps)
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(3.1)

where p and ps are the total pressure and partial pressure of the species considered. The
factors agam and sgam are the air and self broadening parameters, and nair and nself are the
temperature exponents for agam  and sgam , respectively. The partial pressures in
atmospheric conditions are such that ps << p. Thus, the self broadening contribution is
generally negligible, except for H2O and O2. In other words, it is enough to measure agam and
nair. However, this would by far exceed the budget of this study. Therefore, only a limited
number of these parameters can be measured. Concerning nair, a literature study shows that
the range of variation of this parameter is small, 0.6 ≤ nair ≤ 0.8. Thus, it was agreed to
measure nair only for the most important lines and only if an accuracy of at least ±0.1 can be
achieved. For the other lines, the use of nair = 0.7 ± 0.1 was proposed.
The proposed selection of measurements is based on the conclusions of WP201 (chapter 1)
and WP202 (chapter 2). It will be discussed in the next section (3.6).

3.6. Measurements

The measurements were performed at PhLAM (Laboratoire de Physique des Lasers, Atomes,
et Molécules, Villeneuve d'Ascq) and LMSB (Laboratory of Millimeter-wave Spectroscopy –
Bologna). The methodology and equipment specific to each laboratory is described in chapter
4.
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Concerning agam and nair, it was agreed to measure both parameters for selected transitions.
Air broadening can be obtained using either dry air as mixing gas, or using separately nitrogen
and oxygen. The agam is then given by

† 

agam = 0.79gN2
+ 0.21gO2

(3.2)

The sum rule using the 79/21 rate for nitrogen and oxygen has up to now been verified in
many experiments. This second method (using separately nitrogen and oxygen), although more
time consuming, is more convenient to check the accuracy of theoretical models. It was used
for the lines for which accurate agam can be accurately determined, i.e. for O3. Air as mixing
gas was used for HNO3.
The temperature dependence coefficient, n , can be determined separately for N2 and O2,
yielding different values for the n exponent. The sum rule also allows the determination of
nair from n(O2) and n(N2). To determine an accurate n, at least three different temperatures
have to be used in a range as large as possible (depending of the molecule).
Taking into account the recommendations of WP201 (chapter 1) and WP202 (chapter 2) and
assuming that the lowest bands of MASTER have the highest priority, the following
provisional selection of measurements has been retained for ozone (table 3.1). Usually, the
reference temperature is the room temperature (296 K) but, for atmospheric investigations,
T0 = 240 K is a more convenient value because it permits more accurate extrapolations, 240 K
being closer to the temperatures of the lower stratosphere and higher troposphere.

TABLE 3.1. Measurements to be performed for 16O3

(N2-, O2- and air-broadening)

Band Frequency (MHz)

† 

¢ J ¢ K a ¢ K c ¨ ¢ ¢ J ¢ ¢ K a ¢ ¢ K c Laboratory Temperatures a (K)

B 300 685.15 134, 10 ¨ 143, 11 PhLAM 240
B 301 813.00 140, 14 ¨ 131, 13 Both b 240; 296; T3 

c

B 303 164.92 72,6 ¨ 71, 7 PhLAM 240; 296; T3
 c

C 317 195.06 53, 3 ¨ 62, 4 PhLAM d 240; 296; T3
 c

C 319 997. 201, 19 ¨ 200, 20 LMSB 240; 296; T3
 c

D 343 237.5 262, 24 ¨ 253, 23 PhLAM 240
D 343 505.6 43, 1 ¨ 52, 4 PhLAM 240
a T3 is either below 240 K (generally 195 K) or between 240 K and 296 K.
b agam will be measured both at PhLAM and LMSB to check the consistency of the

measurements
c Three temperatures will be used for the determination of nair.
d Also measured at LMSB for one temperature: 240 K.

For nitric acid, it was agreed to perform line broadening measurements for the strongest HNO3

lines in the MASTER spectral range, see top of table 3.2. These lines are grouped in clusters.
Then, to validate the interpolation model which is described in appendix III, it was agreed to
measure a few lines of various J-values, outside the spectral range of MASTER, see bottom of
table 3.2.
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TABLE 3.2. Measurements to be performed for HNO3

(air-broadening at room temperature)

Freq. (GHz) Assignment Laboratory
319.2215 25d,25 ¨ 24d,24 LMSB
344.2415 27d,27 ¨ 26d,26 both
322.348 1513,3 ¨ 1413,2 LMSB
470.233 24d,11 ¨ 23d,10 PhLAM
320.005 261,25 ¨ 260,26 LMSB
319.897 27d,25 ¨ 27d,26 LMSB
544.360 38d,33 ¨ 37d,32 PhLAM
316.9019 43d,25 ¨ 43d,26 PhLAM
316.6114 44d,25 ¨ 44d,26 PhLAM

3.7. Comments

3.7.1. CO line at 345.8 GHz
The transition of CO at 345.8 GHz does not appear in the list of measurements because it has
already been measured in two different laboratories in the frame of the previous contract
ESA/ESTEC no 11581/95NL/CN 1996. The accuracy of these measurements has furthermore
been confirmed by Puzzarini et al. [PUZZ02].

3.7.2. Methyl chloride
CH3Cl  is the most abundant chlorine containing compound of natural origin in the earth's
atmosphere. However, it does not appear in the list of measurements although not much is
known for this molecule. This is because the uncertainties in the CH3Cl linewidths are found
to have a small impact on the retrieval.

3.7.3. HCl
In a early stage of the contract, it was proposed to measure the HCl lines at 625 GHz at
PhLAM using N2 and O2 as gas pertubers. This measurement was later cancelled because it
was made quite recently in another laboratory and was made available to us [DROU04a].

3.7.4. Molecular oxygen (16O18O line at 345.018 GHz)
This line might have an impact on the retrieval. For this reason, it would be useful to
determine its line broadening parameter. Since a sample of 16O18O is very expensive and not
easy to obtain, the 16O2 line at 368.498 GHz was first analyzed at LMSB. This line
corresponds to the N, J = 3, 2 ¨ 1, 1 rotational transition which is the same line that we have
to study for 16O18O. The line is very weak and strongly perturbed by the earth magnetic field.
Moreover, the line profile does not correspond to a Galatry or a Voigt profile which is
probably due to collisional coupling effects.
The solution to these problems requires the set up of an ad hoc cell to perform the
measurements (for example a Fabry-Perot interferometer). This cannot be done in a short time
and, therefore, the measurement of this line was cancelled. See appendix IV for details.
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4. Laboratory measurements

4.1. Experimental setup

4.1.1.Laboratory of Millimeterwave Spectroscopy of Bologna (LMSB)

4.1.1.1. Spectrometer
The LMSB millimeter-wave spectrometer can be used for the detection of both modulated
and natural line profiles. In the first case, the measurements are performed by using a source
frequency modulation with the Lock-in amplifier tuned at twice the modulation frequency so
that the second derivative of the natural line shape is recorded. The frequency modulation is
performed by sine-wave modulating (1.666 kHz) the 90 MHz reference signal of the source-
synchronizer; this is achieved by using an HP 8642A synthesized signal generator, whose RF
output can be internally frequency modulated with a total harmonic distortion of less than
0.01%. This modulation scheme allows us to transfer to Gunn oscillator a low distortion
signal, with a well known frequency and amplitude (amplitude accuracy: ±1%).
The natural line profiles measurements are carried out employing an amplitude modulation of
the signal obtained with a chopper and tuning the Lock-in amplifier at the chopper revolution
frequency (230 Hz).
The radiation source is a Gunn oscillator-driven frequency multiplier, working in the
frequency range 300-450 GHz. The Gunn diode used is a RPG (Radiometer Physics GmbH)
diode working at 75-85 GHz. The frequency multiplier is a RPG quadrupler with a power
output of 0.1-0.5 mW in the frequency range 300-350 GHz (range employed in this research).
Furthermore, the source is phase-locked to a Rubidium frequency standard.
The spectrometer can be equipped with gas cells of different lengths: they are Pyrex tubes
either 148 or 55 cm long and 5 cm in diameter. In both cases, the cell is insulated and its
temperature is measured through 5 or 3 thermocouples, respectively. The measurements have
been performed at 195 K, 240 K and 296 K. For measurements at 240 K and 296 K, the
temperature has been kept fixed by a cryostat; while in the case of measurements at 195 K,
the temperature has been obtained by employing an ethyl alcohol – dry ice bath. In both cases,
the temperature accuracy is ±1 K. In order to provide a homogeneous temperature inside the
cell, for both cells, ad hoc windows have been set up: they allow the gas to occupy only that
part of the cell in which the temperature is kept fixed. Concerning the vacuum seal, the gas
loss for both the cells is about 1 mTorr/hour.
The sample pressure has been measured by a baratron gauge (MKS type 220 B) with a
measurable pressure range of 10-4-1 Torr (~1.33¥10-2-133 Pa), with 0.1 mTorr resolution;
during the recording of a spectrum the pressure of the gas has been found stable within 0.1-
0.2 mTorr. For the measurements performed at 195K and 240 K, the correction due to the
thermal transpiration effect has been experimentally investigated and evaluated by employing
the equations reported in Ref. [TAKA63]. This correction, which comes out from the fact that
the baratron is placed at ~296 K also when the measurements are performed at lower
temperatures, has been found to be negligible (0.2%) for both temperatures.
The spectrometer is equipped with a liquid-Helium cooled InSb detector. The detector output
signal is processed by means of a Lock-in amplifier.
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Figure 4.1a. The block-diagram of the LMSB millimetre-wave spectrometer.
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Figure 4.1b. Schematic representation of the windows of the cell.

A computer-controlled data acquisition has been used: the driving of the spectrometer and the
data processing are performed by means of an homemade software. For each recorded
spectrum, two frequency scans are performed (forward and backward) and the number of
points can been set according to the requirement and one point takes 0.7 ms. The frequency
step and time constant used are in the range 10-20 kHz and 10-30 ms, respectively.
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The standing waves in the cell are minimized by adjusting the position and orientation of the
source radiation and the detector.
A block diagram of the millimetre-wave spectrometer used is reported in Figure 4.1a; Figure
4.1b provides a schematic representation of the ad hoc windows set up for this investigation.

4.1.1.2. Modulation technique
 The source frequency modulation technique has been employed throughout. As accurately
explained in Ref. [CAZZ90], the approximate linear expression of the absorbed intensity

])(1[ 00 LII nna --= (4.1)

should be used for the modulated line profile analysis. But, this is valid only if the absorption
is lower than 6% (aL £ 0.06) as it comes out from the expansion of the exponential Lambert-
Beer form

])(exp[ 00 LII nna --= (4.2)

truncated at the second term. Thus, this requirement has been checked to be fulfilled during
all the measurements employing amplitude modulation of the signal obtained with a chopper.
Since the radiation source is frequency modulated by a sine wave, its output frequency is time
dependent and is given by

,cos)( tt mwnnn w+=  (4.3)

where nw is the modulation depth and wm is the modulation frequency. The modulation depth
nw affects the line width and thus it is explicitly taken into account in the line profile analysis.
The value of nw employed in recording spectra depends on the experimental conditions: it is
chosen in order to have a good signal to noise ratio. In general, we use the modulation depth
approximately equal to the total half width of the observed line. Concerning the modulation
frequency, it can also broaden the line shape, but this is avoided employing a low value for
wm: 1.666 kHz. This can be considered the instrumental function for this kind of technique.
The frequency detuning n-n0 in eq. (4.1) must then be replaced by

,cos)( 0 tt mwnnnn w+-= (4.4)

so that the transmitted intensity of eq. (4.1) turns out to be an even function of the time. Thus,
neglecting the frequency dependence of I0, the line profile, which is the time dependent term
of I, can be expanded in a cosine Fourier term series

† 

a n(t)( ) = an
n= 0

•

Â cos nwmt( ), (4.5)
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where DnD is the Doppler half width and K(x’,y,z) the line profile model function.
Since the Lock-in amplifier is tuned at twice the modulation frequency, the recorded  line
shape is the second harmonic coefficient  a2(n-n0) of the Fourier expansion.
It is worthwhile noting that by employing the frequency modulation technique it is not
necessary to know either the I/I0 ratio, which is well known to be difficult to accurately
evaluate with microwave spectroscopy, or the theoretical value of the absorption coefficient
a.
As shown in Ref. [PUZZ02], this technique is suitable for line shape analysis: not only the
source frequency modulation technique does not produce uncontrollable instrumental
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distortions or broadenings, but also, having a higher sensitivity than amplitude modulation
detection, it is particularly suitable for this kind of investigations.

4.1.1.3. Theoretical line profile models
Rotational line shapes are generally modelled as Voigt profile. The Voigt model, resulting
from the convolution of a Lorentzian L(n-t) and a Gaussian profile D(t-n0), is given by the
following expression:
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where DnL is the Lorentzian or collisional half width. This model treats independently the
effects of collisions over the internal states and the molecular motion; thus, it considers that
each collision is not able to perturb the Maxwell distribution.
The deficiency of this approximation does not show up in the line shape if the Lorentzian
contribution is much larger than the Doppler one; otherwise, the possibility of velocity
changing collisions which entail a reduction of Doppler contribution, the so called Dicke-
narrowing [DICK53], must be taken into account.
In this respect, another model has also been considered in our analysis: the Galatry profile
[GALA61] which treat differently the problem. The Galatry profile, as the Voigt one, treats as
statistically independent the evolution of the internal degrees of freedom and the translational
motion of the molecules, but it takes into account the variation of the molecular velocities due
to the collisions. It is expressed by the following
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This profile is based on a soft-collisional model, which means that there is a strong correlation
between the molecular velocity before and after a collision. Thus, a large number of collisions
are necessary in order to have a significant variation of the molecular velocity. In this model,
the dynamical friction coefficient undergone by the moving particle gives the effective
frequency of the collisions which produces variations of velocity.
The expressions (4.7) and (4.8) are the standardized line profiles from Ref. [VARG84]. In
both of them: x’ = (x-s), where s is the frequency line shift per unit of pressure and x the
frequency; y is the collision width per unit of pressure; z is the coefficient of dynamical
friction, which depends on the effective frequency of velocity-changing collisions.
Nevertheless, as shown in Ref. [PUZZ02], the Galatry profile performs very well as model to
fit the observed line profiles and, thus, to determine line widths, Voigt model is able to
provide reliable results in good agreement with Galatry profile. In fact, in Ref. [PUZZ02] a
thorough comparison of Voigt and Galatry models for some transitions of O12CS, O13CS,
12CO and 13CO has been carried out. In that work it was found that, when Lorentzian width is
of the order or even lower than Gaussian width, systematic discrepancies of the order of a few
percent between the experimental and calculated Voigt line shape occur. These systematic
discrepancies come from the inadequacy of the Voigt profile to model line shapes. In fact,
these discrepancies were removed by using models which include the reduction of Doppler
broadening due to the effect of velocity changing collisions as Galatry one. In spite of these
systematic discrepancies, the pressure broadening coefficients obtained from the two models
compare very well and agree within the uncertainties. This result can be explained by the fact
that most of the measurements were performed at values of pressures for which Lorentzian
width is dominant.
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Figure 4.2 provides a typical example of the fact that, even if the low pressure spectra present
typical residuals when analysed with Voigt model, Galatry and Voigt profile give the same
results for the pressure broadening coefficient within 2 times the standard deviation.

4.1.1.4. Experimental procedure
In order to be sure that the requirement (aL £ 0.06) needed by eq. (4.1) is fulfilled, both for
ozone and nitric acid, for each transition natural line profile measurements have been carried
out using amplitude modulation of the signal as previously described. In this way, we are able
to evaluate the appropriate conditions (pressure of the absorber, length of the cell, …) for each
transition. In reality, since multiple reflections can be present in the whole apparatus
(reflections between source and detector, reflections against walls of the cell, …), and thus we
cannot exactly know the length of the cell, a requirement stricter than that needed by eq. (4.1)
has been adopted: we have checked that the absorption is widely lower than 6% for each
transition studied. Anyway, it should be noted that, since we employ the frequency
modulation technique, in our line profile analysis the knowledge of the absolute intensity of
the transition studied is not needed.
Both for ozone and nitric acid, the backgrounds, i.e., the spectra of increasing quantities of
N2, O2 or air without O3 or HNO3, depending on the case in study, have been recorded.
Subsequently, they have been subtracted from the spectra of  O3 or HNO3 recorded in the
same conditions of pressure. The background subtraction is a very useful tool in order to
improve the line-shape analysis.
Ozone. Concerning O3, the N2- and O2-broadening of the 301.8 (J=140,14¨131,13) and 319.2
(J=201,19¨200,20) GHz lines at three different temperatures (195 K, 240 K and 296 K) and of
the 317.2 GHz (J=53,3¨62,4) line at 240 K have been studied. For each transition, temperature
and perturber considered, series of measurements (on the whole 25-35 points) have been
carried out. For all series, we have chosen similar pressure ranges: ~4-5 mTorr of O3 plus
increasing quantities of N2 or O2 until a total pressure of about 500 mTorr.
As regards chemicals, samples of ozone have been produced by using a commercial ozoniser.
They have been in some way purified by cooling the sample at liquid nitrogen temperature
and pumping over the sample in order to put away all the most volatile gases still present.
Commercial samples of N2 and O2 have been employed with a purity declared of 99.99%.
Nitric acid. Concerning nitric acid, the air-broadening of 5 transitions at T = 296 K has been
investigated. More precisely, the 319.2 (J=25d,25¨24d,24), 319.9 (J=272,25¨271,26), 320.0
(J=261,25¨260,26), 322.3 (J=1513,3¨1413,2) and 344.2 (J=27d,27¨26d,26) GHz lines have been
considered. Since all the transitions studied are quite strong, a very small amount of HNO3

has been employed in recording spectrum. More precisely, for all transitions, series of
measurements (on the whole about 30-35 points) have been carried out and, for each series,
we have chosen similar pressure ranges: ~2-4 mTorr of HNO3 plus increasing quantities of
dry-air in the range ~100-500 mTorr.
As regards chemicals, in the measurements a commercial solution in water of HNO3 at 65%
has been employed. In order to have a dry sample, before coming into the cell, HNO3 in gas-
phase is constrained to pass through a trap filled with GRANUSIC® (granular solid P2O5).
Commercial samples of dry-air have been used with the following purity declaration: water £
3ppm.
It should be noted that HNO3 is a very reactive molecule; in particular, it is not easy to
evacuate the cell. In fact, HNO3 tends to be absorbed by the cell walls. In order to solve this
problem, after the registration of each series of measurements and after having pumped away
the sample, ~10 mTorr of NH3 have been put inside the cell and again pumped away. In this
way, the small amount of HNO3 that still remain into the cell react with NH3, giving solid
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NH4NO3, and so HNO3 is completely removed from the cell. For each series of
measurements, this procedure has been performed before recording the backgrounds.

301805 301810 301815 301820 301825

 

 

Frequency (MHz)

Galatry:
g = 3.077(9) MHz/Torr

301805 301810 301815 301820 301825

 
 

Frequency (MHz)

Voigt:
g = 3.103(13) MHz/Torr

Figure 4.2. The 301.8 GHz transition of O3 broadened by N2 at 296 K. The line profile
analysis of one series of measurements: comparison between Galatry and Voigt models. The
pressure broadening coefficients obtained are also reported; the errors given in parentheses
are 1 time the standard deviation of the fit .

Figure 4.3 provides an example of how the spectrum to be analysed is improved by
background subtraction:  for the 319.9 GHz line of HNO3, recorded a P = 303.9 mTorr, the
comparison before and after the background subtraction is reported.
On the other hand, every time, before starting a new series of measurements, a “washing” of
the cell has been carried out: ~50 mTorr of HNO3 have been put inside the cell and pumped
away; this procedure is repeated twice.
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Figure 4.3. The 319.9 GHz transition of HNO3. In black: the recorded spectrum without
background subtraction. In red: the recorded spectrum after background subtraction (Mod. =
modulation depth).

4.1.2. Laboratoire de Physique des Lasers, Atomes et Molécules (PhLAM)

4.1.2.1. Spectrometers
Two types of spectrometers are at our disposal at PhLAM laboratory: a video-type
spectrometer and a frequency modulated spectrometer. Both are built from the three main
components: source, cell, and detector. A block-diagram for each type of spectrometer is
given in Figures 4.4a and 4.4b.
The electromagnetic radiation is generated by phase-locked sources: either the fourth-
harmonic of a Gunn diode in the range 74-80 GHz for frequencies lower than 316 GHz, or the
fundamentals of Backward-Wave Oscillators for higher frequencies (a Thomson-CSF BWO
was used to observe the 470 GHz line of HNO3, and Istock BWOs were used for the other
lines). The radiation passes through a thermostated stainless steel  absorption cell of 6 cm
diameter and 110 cm long, and is detected by an InSb bolometer cooled at 4 K. The cell can
be cooled by a circulation of refrigerated alcohol. Teflon lenses focus the radiation into the
cell and onto the detector.
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Figure 4.4a. Block diagram of the video-type spectrometer
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Figure 4.4b. Block diagram of the frequency-modulated spectrometer.

The temperature of the gas sample is controlled through three platinum resistors, one hanging
into the cell, at its center, and the others mounted outside the cell, at its ends. Temperatures do
not vary by more than 1 K through the course of the records. The gas pressure is measured
with a 1-Torr MKS Baratron manometer having a 0.1 mTorr resolution and a stated 0.2%
error on the reading.
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An important limitation on the accuracy of the line width measurements is the baseline
curvature caused by standing waves in the cell. It is mainly minimized by a careful adjustment
of the position and orientation of the input microwave beam into the cell and the detector. For
this purpose, the bolometer and the radiative source can be moved through X-Y and rotary
tables.
Typical characteristics of the frequency modulated spectrometer are the following (although
they may have been slightly changed in some cases): a 30 kHz sine-wave modulation with a
300 kHz modulation depth is applied on the BWO, and the output signal is detected at twice
the modulation frequency.
The spectrometers are computer driven by homemade software built from the Labview
graphical programming environnement of National Instruments.

4.1.2.2. Chemicals
N2, O2, and Air gaseous samples supplied by Alphagaz are commercial grades (purity better
than 99.5%), and were directly used from their cylinders.
Nitric acid was obtained in the gas phase through a commercial liquid sample supplied by J.T.
Backer Chemicals and was used without other purification treatments except that a cryogenic
pumping was performed every time before the introduction of the gas into the cell.
Ozone was prepared using the usual silent electrical method in a sample of pure dry oxygen
[GRIG68]. Purification of the produced sample is obtained by a cryogenic pumping which
both evacuates impurities and the gaseous oxygen not converted into ozone. No precise value
can be given for the final ozone sample purity, but when a purple glow is seen inside the
discharge tube it indicates  a purity better than 95% for ozone. In fact, as it will be seen later,
the knowledge of the exact absorber sample purity is not important in foreign-broadening
experiments. Nevertheless, caution was taken to ensure a constant purity of the absorbers in
the course of each series of measurements.

4.1.2.3. Experimental procedure
It has been observed that the baseline is well determined when the frequency sweep around
the peak absorption is as large as 6-7 times the full halfwidth. Moreover the phase lock
system is efficient for a frequency sweep of the order of 20-25 MHz. It follows a limitation on
the maximum value of the total pressure in the cell. In fact, in practice, limitations on the
pressure ranges mainly result on limitations on the frequency sweep range in order to
minimize influence of the baseline distortions on the linewidth determination.
At a given temperature, about 15-20 measurements were performed with a fixed amount of
absorber: 2 or 10 mTorr for HNO3, 20 mTorr for O3, and different partial pressures of the
perturbers: for the video-type spectrometer pressures are in the ranges 0-200 mTorr and 0-450
mTorr with HNO3 and O3, respectively, whereas for the modulated-frequency spectrometer,
pressures of HNO3 can be as high than 400 mTorr. It should be noted that the foreign gas
pressure was chosen in a random way to eliminate systematic effects with time.
Residual effects of the baseline distortion are suppressed or at least minimized, following a
two steps procedure in recording each spectrum. First, the detected signal obtained with both
active and perturbing gases in the cell is recorded and stored. Then the cell is evacuated and
filled with a neutral gas, assuming this last signal provides the same baseline pattern as
previously. The signal detected in this second step is recorded and stored too. Finaly the
experimental signal which will be analysed in view to determine the collisional broadening
parameters, is the difference between these two records. For each step, the recorded signal
was digitized for a total of 512 points and swept at a 20 Hz frequency in order to minimize
slow radiation power drifts, and ensure a linear response of the detector. The output signal
from the detector is averaged over a controlled number of accumulations.
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For HNO3, only air-broadening parameters are required in the contract but, for a physical and
a theoretical interest, some transitions were observed with N2 and O2 as perturber gases. The
required Air-broadening parameters were calculated using the usual formula:

† 

g(-Air) = 0.79g(-N2) + 0.21g(-O2) (4.9)

where g(-N2) and g( -O2) are the nitrogen- and oxygen- foreign broadening parameters,
respectively.
The experimental setup was chosen to eliminate, as much as it is possible, all sources of
broadening which are not due to collisions between molecules themselves or to the Doppler
effect. The diameter of the cell is such that the broadening related to collisions of active
molecules on the walls of the cell is only some kHz and so will be neglected. Moreover care
has been made to limit the input radiative power in the cell to avoid a saturation phenomenon.
Some of lines implied in this contract have a low absorption coefficient compared to the
sensitivity of our video-type spectrometer and/or the beam power, and were recorded with the
frequency modulated spectrometer in order to keep a good signal to noise ratio. In table 4.1
are quoted the lines investigated during this work together with the type of spectrometer that
was employed to observe each line.

TABLE 4.1. Experimental recording conditions of the target lines.

Frequency
(GHz)

Abs. Coeff.
10-3 cm-1

Spectrometer
used

Temperature
(K)

Perturber

Nitric acid
44d,25 ¨ 44d,26 316.611 3.4 freq.-modulation 298 Air
43d,25 ¨ 43d,26 316.902 3.9 freq.-modulation 298 Air
27d,25 ¨ 27d,26 344.241 98 freq.-modulation 296 Air
24d,11 ¨ 23d,10 470.233 69 video-type 296 N2, O2

38d,33 ¨ 37d,32 544.365 104 video-type 296 N2, O2

Ozone
134, 10 ¨ 143, 11 300.685 1.5 video-type 238 N2, O2

140, 14 ¨ 131, 13 301.813 9 video-type 232; 269; 299 N2, O2

72,6 ¨ 71, 7 303.165 4.3 video-type 232; 269; 299 N2, O2

53, 3 ¨ 62, 4 317.195 0.7 video-type 237; 270; 297 N2, O2

262, 24 ¨ 253, 23 343.237 2.5 freq.-modulation 240 N2, O2

43, 1 ¨ 52, 4 343.506 0.5 freq.-modulation 240 N2, O2

4.1.2.4. Observed absorption figures
Most of the investigated lines at PhLAM are, or look like, single and well isolated ones: it is
the case for all the lines of ozone and all, but one, lines of nitric acid. As an example we
present in Figures 4.5a and 4.5b, such lines observed by using either a video-type
spectrometer or a frequency modulated one.
On the contrary, the spectrum of HNO3 near 470.23 GHz presents a more complex structure
as it appears in figure 4.5c. The experimental spectrum looks like an unresolved doublet
related to the target line of the contract, followed, 3.5 MHz higher, by a line five times
smaller.
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Figure 4.5a. Figure 4.5b.
301.8 GHz line of ozone in collision with
oxygen at 269K, recorded using a video-type
spectrometer

343.5 GHz line of ozone in collision with
nitrogen at 240K, recorded using a frequency-
modulated spectrometer
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Figure 4.5c. 470.23 GHz line of nitric acid in collision with oxygen at 300K, recorded using a
video-type spectrometer
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4.2. Retrieval procedure

4.2.1. LMSB

4.2.1. Line profile analysis
 As mentioned in the ‘Experimental set up’ section (§ 4.1.1.3), the line profile analysis has
been performed employing both the Voigt and Galatry models. For each recorded spectrum,
the collisional half width has been determined by fitting the observed line profile to a model
that explicitly accounts for frequency modulation as described in Refs. [CAZZ90, PUZZ02].
It can happen that the observed line profiles are distorted, i.e., the spectra are asymmetric, as
shown in Figure 4.6. This asymmetry is essentially due to the fact that the incident intensity I0

(of Eq. (4.1)) depends on the frequency since the propagation of radiation occurs with
reflections. In the line profile analysis this distortion is taken into account. In fact, as shown in
Ref. [CAZZ90], by considering the frequency dependence of I0, the resulting second
harmonic absorption signal, implemented in the line profile analysis program, consists not
only of the second Fourier component a2(n-n0) of the line profile, but also of a distortion term

† 

I2 n -n 0( ) = bk n -n 0( )k
- c0a2 + c1 a2 n -n 0( ) + nw a1 + a3( ) /2[ ]{ }

k
Â (4.10)

where an denotes the nth Fourier component and Skbk(n-n0)
k is the polynomial in (n-n0) which

models I0. The distortion terms are given by a2Dn, a1 and a3; the last one is negligible and
thus it can be neglected:

† 

I2 n -n 0( ) = bk n -n 0( )k
- c0a2 + c1 a2 n -n 0( ) + a1nw /2[ ]{ }

k
Â (4.11)

Figure 4.6. The 301.8 GHz transition of O3: O2-broadening, T = 240 K. An example of
asymmetric line profiles.
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Furthermore, small variations of source power during the recording of spectra can produce
additional background distortions along all the frequency region scanned. On one hand, these
distortions are partially removed by substracting the background, recorded as described in the
‘Experimental set up’ section; on the other hand, the remaining ones are taken into account in
the line profile analysis by substracting a polynomial function up to the third order.
For nitric acid there is an additional problem: for each transition studied, the portions of
spectra recorded are crowded, i.e., several weaker transitions are present (Fig. 4.7 gives an
example). In the line profile analysis, all these transitions must be taken into account. The
weakest transitions have been included in the fitting procedure with all their parameters
(frequency, line width and relative intensity) fixed. More precisely, their frequencies and
relative intensities have been determined by analysing the spectrum recorded at low pressure
and low modulation depth (in order to have an high resolution) without the perturber gas;
while, the collisional line widths have been fixed at extrapolated values depending on the
pressure considered. Concerning the “medium-intensity” transitions (as that in Figure 4.7 on
the left), only the frequency has been kept fixed, while their line width and relative intensity
have been fitted.
Moreover, in order to avoid the problems coming from the wings of the transitions outside the
recorded region, the spectra have been cut and fitted with the above mentioned procedure, but
the lines cut out have still been included in the fitting procedure with all their parameters kept
fixed (as previously described).
A graphical example of the line profile analysis is provided by Figure 4.8: by comparing Figs.
4.7 and 4.8 it is clear how the recorded region has been cut. Furthermore, the residuals (obs.-
calc.) reported in Figure 4.8 make clear that the procedure used is able to well take into
account the extra weaker transitions and well recover the collisional line width of the
transition of interest.
This procedure was set up and tested for CF3CH2F (HFC-134a), which presents very crowded
spectra: it was found to give very good results [CAZZ04].

319880 319890 319900 319910

 

 

Frequency (MHz)

319.9 GHz: spectrum recorded at P = 2.0 mTorr

Figure 4.7. The 319.9 GHz transition of HNO3: spectrum recorded at P = 2.0 mTorr (only
HNO3).
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P = 539.5 mTorr

Residuals 

P =   57.2 

P = 539.5  

Figure 4.8. The 319.9 GHz transition of HNO3: spectra of HNO3 plus air at 4 different
pressures fitted by using Galatry profile. The portion of spectrum considered is the cut region
as described in the text.

4.2.1.2. Pressure broadening parameters
The pressure-broadening coefficients g(T) at a given temperature T have been derived by a
linear fit of Lorentzian half-widths against pressure of the perturber in which the half-widths
have been weighted according to the reciprocal of the squared uncertainties obtained from the
profile analysis.
Ozone. Concerning O3, the N2- and O2-broadening of the 301.8 (J = 140,14¨131,13) and 319.2
(J = 201,19¨200,20) GHz lines at three different temperatures (195 K, 240 K and 296 K) and of
the 317.2 GHz (J=53,3¨62,4) line at 240 K have studied. As previously explained, for each
temperature and transition, some series of measurements have been carried out (on the whole
30-35 points). For each series of measurements, the pressure-broadening coefficient g(T) has
been derived by a linear fit of Lorentzian half-widths DnL(T) against pressure of the perturber

† 

P(O2  or  N2 ):

† 

Dn L (T) = P0 + g(T) ¥ P(O2  or  N2 ) (4.12)

in which the half-widths have been weighted according to the reciprocal of the squared
uncertainties obtained from the profile analysis. Since in the various series of measurements
different quantities of O3 have been used and its purity is not known, in order to put all the
measurements together, we have followed two procedures. First, we have performed a
weighted mean of the values of g(T) obtained for each series of measurements. Second, for
each series we have subtracted the value of the intercept P0 obtained by the fit to each DnL(T).
In this way, we have subtracted to the collisional half-widths, the contribution due to the O3 as
P0 gives the broadening due to the O3 without any perturber. We refer to the DnL(T) obtained
in such a way as normalized Lorentzian half-widths DnNL(T). Since the statistical error
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affecting P0 is very small (£ 1 kHz), we did not take it into account. Subsequently, for each
temperature and each perturber, a second fit involving all the normalized half-widths have
been performed in order to obtain the final value of the pressure-broadening parameter g(T):

† 

Dn NL (T) = g(T) ¥ P(O2  or  N2 ) (4.13)

We prefer the second procedure since it takes care of all the measurements at the same time.
An example of comparison of the two procedures is given in Table 4.2.

TABLE 4.2. Comparison between weighted mean and normalization procedures.

O3: 301.8 GHz. O2-broadening HNO3: 344.2 GHz. Air-broadening
T = 296 K

Galatry Galatry

Weighted mean Normalization Weighted mean Normalization

g(T) 3.153(3) 3.149(9) 4.197(5) 4.190(14)

Voigt Voigt

Weighted mean Normalization Weighted mean Normalization

g(T) 3.164(4) 3.154(11) 4.254(12) 4.252(20)

Note. The statistical errors given in parentheses are one time the standard deviation (1s) of the least-squares fit.

Nitric acid. Concerning nitric acid, the air-broadening of 5 transitions at T = 296 K has been
investigated. More precisely, the 319.2 (J=25d,25¨24d,24), 319.9 (J = 272,25¨271,26), 320.0
(J = 261,25¨260,26), 322.3 (J = 1513,3¨1413,2) and 344.2 (J = 27d,27¨26d,26) GHz lines have
been considered. As previously explained, for each transition, some series of measurements
have been carried out (on the whole 30-35 points). As for ozone, for each series of
measurements, the pressure-broadening coefficient g(T) has been derived by a linear fit of
Lorentzian half-widths DnL(T) against pressure of the perturber Pair

† 

Dn L (T) = Dn 0 + g(T) ¥ P(Air) (4.14)

in which the half-widths have been weighted according to the reciprocal of the squared
uncertainties obtained from the profile analysis. Since in the various series of measurements
different quantities of HNO3 have been used, in order to put all the measurements together, as
for ozone, we have followed the two procedures previously described. As for ozone, we prefer
the second one (see Table 4.2 for an example of comparison of the two procedures).

4.2.1.3. Pressure shift parameters
Both for ozone and nitric acid, the pressure shift effect has been considered. For both
molecules, for each transition and, in the case of ozone, for each temperature, the pressure
shift parameters d(T) have been obtained by a linear fit of the transition frequency n(T)
against pressure of the perturber 

† 

P(O2  or  N2 ) or Pair

† 

n(T) = n 0(T) + d(T) ¥ P(O2 ,N2 ,Air) (4.15)

in which the frequencies have been weighted according to the reciprocal of the squared
uncertainties obtained from the profile analysis.
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4.2.1.4. Temperature dependence
For ozone, since the measurements have been carried out at different temperatures, it is
possible to determine their temperature dependence. For the 301.8 and 320.0 GHz lines of O3,
following the semi-empirical law assumed for the pressure-broadening parameters g(T):
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the temperature exponent n has been derived for N2 and O2. In the above formula, g(T) is the
pressure broadening coefficient determined at the temperature T  and g 0(T0) that at the
temperature T0. More precisely, a least square fit in logarithmic scale has been performed:
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where T = 296 K has been taken as reference temperature T0.
By using the value of n obtained from eq. (4.17), it is possible determine a “total” g0(T0) from
all the measurements performed for each transition and each perturber. This is possible by
transforming the measured normalized Lorentzian half-widths DnNL(T) to Dn0(T0) following
the law:
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Subsequently, the Lorentzian half-widths Dn0(T0) have been fitted against the pressure of the
perturber according to the equation:

† 

Dn 0(T0) = g 0,tot (T) ¥ P(O2 ,N2 ,Air) (4.19)

in which the Dn0(T0)’s have been weighted according to the reciprocal of the squared
uncertainties obtained from the law of propagation errors. In this way, g0(T0) can be
determined by fitting a very high number of points: ~90.

4.2.2. PhLAM

4.2.2.1 Line profile analysis
Spectral parameters were determined by comparing the experimental spectra to theoretical
profiles.
Following the agreement obtained at the meeting held in Lille after a discussion between all
the participants, the well-known Voigt profile was assumed to model the observed
absorptions. This profile is commonly used in the millimeterwave range where Doppler effect
and collisional broadening have both significant contributions. Expressed in the frequency
space, Voigt profiles are the convolution product of Gaussian and Lorentzian profiles.
Practically, the nonanalytic Voigt profiles that are connected to the real part of the complex
probability function, have been computed from the Humlicek algorithm [HUML79]. This
Voigt profile was associated to the Beer-Lambert law, which models the intensity of the
transmitted signal. The observed lineshape is compared to the theoretical profile through an
iterative non linear least-squares procedure.
The DnD Doppler linewidth contribution is fixed at the value calculated, at the gas
temperature T, from the theoretical formula:

† 

Dn D =3.581⋅10-7n 0
T
m

(4.20)

128



where the molecular mass m is expressed in a.m.u., T in K, and DnD and no in the same unit.
Despite the recording procedure used, the baseline of the absorption signal can remain weakly
distorted. A linear function can thus be introduced in the fitting procedure for a
complementary baseline correction. Furthermore, in some cases, residuals between observed
and theoretical profiles could also exhibit a dispersion shape mainly induced by the gas
refractive index through residual standing waves. This refractivity effect was taken into
account by introducing an extra term proportional to the imaginary part of the complex
function used to model the Voigt function [HUML79]. If necessary, an apparatus function can
be added to the convolution product.
The video-type spectrometer allows us to observe the true line profiles, and the experimental
spectra are directly compared to Voigt functions.
Single line. For a single and well isolated line, the free parameters in the fitting procedure are:
the amplitude of the peak absorption, the central frequency no of the transition, and the
collisional linewidth DnL.
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Figure 4.9a. Relaxation of the 300.7 GHz line of O3 in collision with N2 at 237 K. O3

pressure = 20 mTorr; N2 pressure = 100 mTorr. Comparison between experimental and
theoretical profiles.

As an example Figure 4.9a. displays the result obtained for the 300.7 GHz line of ozone
broadened by nitrogen at 237 K. The recorded lineshape is rather well fitted by a Voigt
Profile. However, for some transitions, the observed-calculated residuals can exhibit a
deviation from the Voigt profile, around the peak absorption, of about 1-2% of the peak
amplitude of the line, see Figure 4.9b. Residuals reported in the figures have been expanded
by a factor of 10. The experimental lineshapes appear higher and narrower than the Voigt
ones, that characterizes what is called a narrowing effect. More refined profiles taking into
account narrowing effects, as a Galatry profile or, better because having a more general
physical meaning, a speed dependent Voigt profile [ROHA03], were considered too. They
reproduce better the experimental pattern.
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Figure 4.9b. Relaxation of the 301.8 GHz line of O3 in collision with N2 at 269 K.
Comparison between experimental and theoretical profiles. ∆nDoppler = 255 kHz, ∆nCollision =
346 kHz (Voigt) or 355 kHz (Galatry).

Figure 4.9c shows the recording of the 343.506 line of O3 at 240 K broadened by N2. The
experimental lineshape is well fitted by using a Galatry profile, and the residuals (expanded
by a factor of 10) are lower than 2% of the peak amplitude of the signal. Using a Voigt
profile, a narrowing effect is pointed out.
Multiple line. HNO3 is a planar molecule with two components ma # 1.99 D and mb # 0.88 D
for the dipole moment. The investigated lines correspond to relatively high Kc values with
respect to J, for which energy levels are doubly degenerate. It follows that the transitions are
often quadruply degenerate, the distance between associated lines depending on the K values.
A theoretical spectrum is drawn in figure 4.10, (dotted line), using informations on frequency
positions and intensities of the components found in the JPL catalog and improved by A.
Perrin in the frame of this contract, and reported in Table 4.3.
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Figure 4.9c. Relaxation of the 343.5 GHz line of O3 in collision with N2 at 240 K. p(O3) =
20.4 mTorr; p(N2) = 20 mTorr. Comparison between experimental and theoretical profiles.

TABLE 4.3. Nitric acid components located in the frequency range observed near 470.23 GHz.

frequency intensity

(MHz) ( 10-3 cm-1 )

470232.16 4.6          

      232.35 30.1          

      233.94 30.1          

      234.13 4.6          

470237.19 5.5          

Figure 4.10. Relaxation of the 470.23 GHz transition of HNO3 in collision with O2 at 300 K.
p(HNO3) = 2 mTorr; p(O2) = 20 mTorr. Comparison between experimental and theoretical
profiles.
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In figure 4.10 a simple Lorentzian profile is considered to model the theoretical spectrum.
Each line of the doublet is itself the superposition of two components, the intensities of which
are about in a ratio of six to one. The single isolated line corresponds to the four components
of the J = 39d, 37 -39d,38 transition.
Concerning the observed pattern near 470.23 GHz, the amplitudes and the central frequencies
of the main line in each component of the doublet, and the amplitude of the isolated line are
considered as free parameters in the fit. Moreover, due to a numerical stability problem, all
the transitions have been compelled to have identical collisional broadenings. Other
parameters such as the relative amplitudes of the other small lines in the doublet, their relative
frequency spacing  and the frequency of the isolated line were kept fixed in the fit: their
values were taken from the JPL catalog, improved by A. Perrin. In order to minimize the
residuals of the fit, they were slightly adjusted within the uncertainty ranges. No overlapping
problem has been pointed out, and we have assumed that the observed patterns consist of the
sum of independent and non interfering lines.
As an example, figure 4.10 shows the recording of the 470.23 GHz transition of HNO3 at 300
K, broadened by O2. The experimental lineshape is well fitted by using a superposition of
independent Voigt profiles and the residuals (expanded by a factor of 10) are smaller than 2%
of the peak amplitude of the signal. More importantly, they do not point out any characteristic
pattern, particularly around the peak absorption.
With nitric acid, an adsorption phenomenon occurs on the walls of the cell, and the
concentration of the gas during the records was controlled via the area of the absorbing lines:
it did not significantly change either from one line to another one or during the recording of
one line.

4.2.2.2 Collision broadening parameters.
At the low pressure ranges used in the recordings, the collisional halfwidth, DnL, is a linear
function of absorber and perturber pressures and can be expressed, at a given temperature T,
as:

f
fa

a
aa

L PTPT ).().( -- +=D ggn
(4.21)

where a denotes the active gas (either O3 or HNO3), f denotes the perturber gas (N2, O2, or
Air), ga-a(T)!=!sgam and ga-f(T)!=!agam are the pressure broadening parameters for self- and
foreign-relaxation at temperature T, Pa and P f are the partial pressures of absorber and
perturber-gas, respectively.
For a given gas, the collision half-widths obtained at a given temperature are plotted as a
function of the partial pressure of the perturber.
The DnL values retrieved for different lines of ozone and nitric acid broadened at various
temperatures by N2 and O2 are displayed in figures 4.11, as a function of the partial pressure
of perturbers. All the figures exhibit a linear dependence of DnL with the pressure of the
perturbers.
The foreign-gas parameter was determined from a least-squares procedure in which the slope
ga-f(T) and the intercept ga-a(T) at zero pressure of perturber gas are free parameters in the fit.
As a consequence, the foreign-gas broadening parameter is independent of the self-
broadening contribution, and thus independent of the purity of absorber.
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Figure 4.11a. Linear dependence of the collisional half-widths as a function of the partial
perturber pressure: case of the 301.8 GHz line of ozone in collision with nitrogen at different
temperatures.
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Figure 4.11b. Linear dependence of the collisional half-widths as a function of the partial
perturber pressure: case of the 301.8 GHz line of ozone in collision with oxygen at different
temperatures.
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Figure 4.11c. Linear dependence of the collisional half-widths as a function of the partial
pressure of perturber: case of the 300.7 GHz line of ozone in collision with nitrogen and
oxygen at 237K.

Figure 4.11d. Lines of HNO3 in collision with O2 at 300 K . Full squares: 470 GHz line; open
squares: 544 GHz line. Linear pressure-broadening dependence of the collisionnal half-width.
Straight lines result from a linear least-squares fit. g in MHz/Torr; in parentheses is given one
standard deviation in unit of the last digit quoted.

4.2.2.3 Temperature-dependence of the broadening parameters.
The temperature dependence of the broadening parameters is usually analysed following the
semiempirical power law [BENE59]:

† 

g a- f (T)=g a- f (To). To

T
Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

n

(4.22)
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where T0 is a reference temperature, chosen in this work at 296 K, and n is the exponent of the
power law to be determined.

Figure 4.12a. Temperature dependence of the collisional broadening parameters: case of the
301.8 GHz line of ozone in collision with nitrogen.

Figure 4.12b. Temperature dependence of the collisional broadening parameters: case of the
317.2 GHz line of ozone in collision with nitrogen.
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Figure 4.12c. Temperature dependence of the collisional broadening parameters: case of the
303.2 GHz line of ozone in collision with nitrogen.

The broadening parameters expressed in a log-log scale, lie on straight lines, the slope of
which represent the n exponent. Examples are given in Figures 4.12. The N2- broadening
parameters are plotted as a function of temperature in a log-log scale in Figure 4.12a, where
the error bars are 1% of the value.

4.3. Error sources

4.3.1. LMSB

It is well known that pressure broadening studies are affected by systematic errors and that it
is not easy to take them into account. In order to try to reduce them, we have tried to account
and minimize all the possible sources of error.

4.3.1.1. Instrumental and apparatus errors
Concerning the pressure, a barometer with an high resolution has been used, the vacuum seal
has been checked and the thermal transpiration effect has been evaluated. As described in the
‘Experimental set up’ section, the thermal transpiration effect is negligible, i.e., of the order of
0.2 %. The gas loss is about 0.1-0.2 mTorr during the recording of a series of measurements
(i.e., 6 spectra at different pressures), which means negligible variations of the Lorentzian line
widths, i.e., less than 0.5%.
Regarding the temperature, the insulation of the cells and the right working of the
thermocouples have been checked, and, as previously described, ad hoc windows have been
set up in order to allow the gas to occupy only that part of the cell in which the temperature is
kept fixed.
As far as power source variations and instrumental function are concerned, as explained in the
‘Experimental set up’ section, the modulation depth is explicitly taken into account in the line
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profile analysis while the modulation frequency used (1.666 kHz) does not affect the line
shape.
The linear approximation expressed by eq. (4.1) does not produce errors affecting the retrieval
line widths since, as explained in the ‘Experimental set up’ section, it has always carefully
checked that the absorption is widely lower than 6%.
Finally, the source-cell-detector alignment has been carefully checked in order to minimize
the problem of the standing waves into the cell.

4.3.1.2. Line shape model errors
Another possible source of error which has to be considered is the model used in the line
profiles analysis. As previously mentioned, Galatry model performs very well while Voigt
presents typical residuals at low pressures (50-250 mTorr); but, it was also put into evidence
that both models give pressure broadening coefficients in very good agreement, i.e.,
coincident within the statistical error. As previously explained, this is essentially due to the
fact that most of the measurements have been carried out in conditions for which the Dicke-
narrowing effect does not affect the line width. Of course, the parameters retrieved by using
Voigt model usually present statistical errors a little bit larger than those obtained with
Galatry profile, but anyway they are always < 1%.

4.3.1.3. Statistical errors
It is important to notice that the standard deviations from the least-square fits yield only very
optimistic values of the absolute uncertainties. In fact, even in the case of HNO3, which is a
very reactive molecule, the standard deviations of the fit are lower than 1%.
The least-square fits performed are weighted linear fit, i.e., the errors on the retrieved line
widths are used as weights in the fitting procedure.
Concerning the uncertainties affecting n and g0(T0), again the statistical errors that come out
from the least-square fits are too optimistic. From the literature [GAMA98b], it is known that
the values of n derived by using eq. (4.17) are affected by an error whose lower limit is given
by

† 

Dn > 2 Dg
g

ln Tmax

Tmin

 , (4.23)

where Dg is the error on g and Tmax and Tmin the highest and lowest temperature at which the
measurements have been performed, respectively.
Consequently, from the law of propagation errors and assuming the lower limit of eq. (4.23)
as error affecting n, the uncertainties on g0(T0) have been derived.

4.3.1.4. Systematic errors
Although we tried to minimize all the sources of errors, as well known, systematic errors are
still present. From our past experience and from the available literature on this topic and, in
particular, on these molecules, we can estimate that the systematic errors are of the order of
2%. In order to be more confident in this extent, both for ozone and nitric acid, one transition
has been studied both in Lille and in Bologna. By comparing the results obtained in the two
laboratories for the 301.8 GHz line of O3 and the 344.2 GHz line of HNO3, we can evaluate
more reliable values for the pressure broadening parameters and confirm the estimation of 2%
as systematic error affecting all our measurements.
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4.3.2. PhLAM

4.3.2.1 Accuracy of the reported foreign-broadening parameters
The accuracies on the broadening parameters are of great importance in the analysis of
atmospheric spectra. Beside the common errors on pressure and temperature measurements
which are easy to estimate, the main limitation to the data accuracy, which is also the most
difficult to determine, is related to the effect of the residual standing-waves patterns lying in
the cell. Furthermore, “hidden” errors related to the experimental and/or analysis employed
techniques, can appear.
As a matter of fact, it is not easy to give valuable experimental errors. The statistical error –
one standard deviation (s)- given by the least-squares fit procedures and commonly reported
because they are easily obtained, is generally not a reliable estimate of the actual error on the
broadening coefficients as demonstrated in review papers on O3 and H2O half-widths
[GAMA94]

No pertinent protocol has been yet defined by the spectroscopic community in order to
estimate error on experimental broadening parameters and estimation of such error can only
lie on intercomparisons with investigations carried out in different laboratories.
But beforehand, in order to check the consistency of the measured data at PhLAM, some
experiments have been performed on selected lines, by using both the video-type and the
frequency modulated spectrometer. The values of the corresponding collisional broadening
coefficients for the transitions of ozone are given in Table 4.4.

TABLE 4.4. Comparison between N2-broadening parameters values (MHz/Torr) retrieved by
using different techniques of observations and analysis procedures. In parentheses is given
one standard deviation on the last digit quoted.

Frequency T    video-type freq.-modulated
(MHz) (K) spectro. spectro.

ozone

301813 296    3.180  (11)(*) 3.186  (31)
299 3.134  (15)

317195 297 3.511  (42)

298 3.526  (20)

nitrous oxide

301442 238 3.965  (25) 3.987  (27)

(*) value retrieved from the temperature study on this transition (see Table 4.8)

It appears that, on the whole, the results obtained using different techniques of observations
and analysis procedures are in good agreement, within one claimed standard deviation, that is
to say within less than 1% of the broadening parameter values. Complementary observations
were performed on the J = 12-11 line of nitrous oxide broadened by N2 at different
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temperatures. The corresponding results, also gathered in Table 4.4 show an agreement better
than 0.5% for the broadening parameters retrieved at 238 K.
Another control has been performed: in Figure 4.13 are plotted residuals of the 301.8 GHz
line of ozone broadened by oxygen at 269 K. In upper figure are plotted the differences
(observed!-!Voigt) values in kHz, and in the lower part are plotted the ratio
(observed!-!Voigt)/observed values. The distribution of the points shows that there is no
systematic deviation inside the series of measurements.
Furthermore we can recall that in the framework of the ESTEC/contract N° 11581/95/NL/CN
[BAUE98A] an intercomparison of CO and O3 broadening coefficients measured both at
PhLAM and at DLR has pointed out that the Air-broadening coefficients agree within their
uncertainties at the reference temperature 240 K, that is to say lower than 0.7%. The
differences are slightly larger at room temperature but still within 2s, that is to say lower than
2.4%
All these checks give confidence on the quality of the techniques used and on the reported
values. Intercomparison will be latter made between results retrieved both at Lille and
Bologna.
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Figure 4.13. Residuals: (observed - Voigt) profiles- of the 301.8 GHz of ozone broadened by
oxygen at 269 K.
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From our experience in lineshape analysis, we claim that systematic experimental errors on
collisional broadening parameters retrieved in this work can be estimated to be about 2% for
ozone, and up to 3%-4% for nitric acid. These estimated systematic errors have to be added to
the reported statistical error, and the total error has to be considered as an upper limit.

4.3.2.2 Accuracy on the n temperature exponent

Statistical errors on the temperature exponents n are probably less significant, partly because
they have been determined from few experimental points, moreover located on a relative
narrow temperature range. Errors on n exponent are strongly correlated to the relative error on
ga-f(T). As it is usual, the uncertainty on n given in this report corresponds to one standard
deviation retrieved from a weighted least-squares fit on g values, by using eq. 4.22.
 It has been demonstrated in Ref. [GAMA98b] that the Dn uncertainty is greater than a
quantity proportional to the relative error on g(T):

min

max/
)(
)(

2
T
T

Ln
T
T

n
g
gD

=D (4.24)

where Dg(T) is the error on g(T).
In Table 4.5 are gathered one standard deviation (Dn)exp obtained for ozone lines by a
weighted least-squares procedure on g values, as well as the values (Dn)theo calculated by
using Eq. (4.24). It seems reasonable to claim that the true error on n is more important, and
that an upper limit on n is located in the 15%-20% range.
Finally, to our knowledge, no theoretical calculations have been published on the lines
investigated in this contract, to allow a comparison.

TABLE 4.5. Comparison between experimental and calculated error on n exponent for
different lines of ozone. A 2% relative error is assumed on g parameters.

Frequency T max - T min (Dn ) exp (Dn ) theo

(MHz) (K)

301813 299 - 232 4 - 5% 11%

303165 299 - 232 4% 11%

317195 297 - 237.5 9 - 11% 13%

4.4. Results

4.4.1. LMSB

4.4.4.1. Model profile used: Voigt and Galatry models
As put into evidence in Ref. [PUZZ02] and as comes out from Table 4.2 for this specific
study, Voigt and Galatry profiles give results in very good agreement. In fact, they agree
within 2 times the statistical errors (i.e. 2 times the standard deviations of the fits). Since it is
clear that pressure broadening parameters are affected by systematic errors of the order of 2%,
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and thus this uncertainty is much more reliable, as a consequence it is not relevant which of
the two models is used in the line profile analysis. For all these motivations, in the following
paragraphs and tables, the results obtained by using Galatry profile will be reported and
discussed.

4.4.4.2. Ozone: pressure broadening coefficients
The N2- and O2-pressure broadening coefficients of the 301.8, 317.2 and 320.0 GHz lines of
O3 at 195 K, 240 K and 296 K have been determined as explained in the “Retrieval
procedure” section. The results obtained are collected in Table 4.6; some graphical least
square fits for the various transitions are depicted in Figures 4.14-4.17.
As clearly comes out from Table 4.6, the statistical uncertainties affecting the parameters are
too optimistic; in fact, they are smaller than 1%. As previously discussed, uncertainties of the
order of 2% are more reliable due to the systematic errors which are known to be present in
this kind of investigations.
For the broadening parameters evaluated at 195 K and 240 K, the correction due to the
thermal transpiration effect has been evaluated as explained in the “Experimental set up”
section. This correction, which comes out from the fact that the Baratron is placed at 296 K
also when the measurements are performed at lower temperatures, has been found negligible
(0.2%) for both temperatures.
As explained in the “Retrieval procedure” section, for the 301.8 and 320.0 GHz lines, the
temperature dependence coefficient n and the “total” g0(T0) have also been evaluated. The
results are summarized in Table 4.6 and some graphical examples are given in Figures 4.18-
4.19.

Figure 4.14. Normalized Lorentzian half-widths DnNL against pressure: O2-broadening of the
301.8 GHz line of O3 at T = 296 K.
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Figure 4.15. Normalized Lorentzian half-widths DnNL against pressure: N2-broadening of the
301.8 GHz line of O3 at T = 195 K.

Figure 4.16. Normalized Lorentzian half-widths DnNL against pressure: N2-broadening of the
319.9 GHz line of O3 at T = 195 K.
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Concerning the uncertainties affecting n  and g0(T0), again the statistical errors are too
optimistic.
From the literature [GAMA98b], it is known that the values of n derived by using eq. (4.17)
are affected by an error whose lower limit is expressed by eq. (4.23). By using an
uncertainties of ~2% as Dg and 195 K as Tmin and 296 K as Tmax, a relative error > 4% has
been found. Consequently, from the law of propagation errors and assuming an error of 4%
affecting n, the uncertainties on g0(T0) are of the order of 2-3%.
Ozone: pressure shift. Concerning the pressure shift effect, the pressure shift parameters have
been evaluated as explained in the “Retrieval procedure” section; an example of fit is given in
Figure 4.20. The results obtained are collected in Table 4.6. As comes out from this table, it
should be noted that they are very small and, in general, with very large uncertainties; thus,
the pressure shift effect can be considered negligible. Anyway, it is interesting to notice that,
as expected, the pressure shift coefficient increases when the temperature decreases.
Furthermore, even if it is a small effect, it has been checked that it is not an apparent effect
due to, for instance, the line profile distortion. In fact, as shown in Figures 4.21 and 4.22,
recorded lines with opposite asymmetry give the same trend for the pressure shift.

Figure 4.17. Normalized Lorentzian half-widths DnNL against pressure: O2-broadening of the
317.2 GHz line of O3 at T = 240 K.
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Figure 4.18. Two examples of evaluation of the temperature dependence parameter n. On the
left, the 301.8 GHz line of ozone: O2-broadening. On the right, the 320.0 GHz line of ozone:
N2-broadening.

Figure 4.19. Two examples of evaluation of the g0(T0). On the left, the 301.8 GHz line of
ozone: N2-broadening. On the right, the 320.0 GHz line of ozone: O2-broadening.
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Figure 4.20. Frequency shift against pressure: O2-broadening of the 320.0 GHz line of O3 at
296 K. On y axis only the last digits of the frequency are reported.

Figure 4.21. Frequency shift against pressure: O2-broadening of the 301.8 GHz line of O3 at
240 K. Distortion on the left: positive trend for the pressure shift.
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Figure 4.22. Frequency shift against pressure: O2-broadening of the 301.8 GHz line of O3 at
240 K. Distortion on the right: positive trend for the pressure shift.
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TABLE 4.6. N2- and O2-broadening parameters for the 301.8, 317.2 and 320.0 GHz lines of O3.

OZONE: N2-, O2- and Air-broadening
(FINAL  RESULTS)

O3 – 301.8 GHz N2 O2 Air

J = 140,14¨131,13 g (MHz/mTorr) Shift
(kHz/Torr)

g (MHz/mTorr) Shift
(kHz/Torr)

g (MHz/mTorr)

296 K 3.149(9) 10.5(23) 2.681(7) 8.1(22) 3.051(9)

240 K 3.584(13) 12.3(20) 3.070(22) 12.5(18) 3.476(15)

195 K 4.163(8) 17.9(45) 3.567(11) 13.8(29) 4.038(9)

n 0.674(26) 0.684(14) 0.676(23)

g0(296 K) 3.147(6) 2.672(10) 3.047(7)

Total num. of
points

91 92

O3 – 317.2 GHz N2 O2 Air

J = 53,3¨62,4 g (MHz/mTorr) Shift
(kHz/Torr)

g (MHz/mTorr) Shift
(kHz/Torr)

g (MHz/mTorr)

240 K 3.975(6) 14(2) 3.560(6) 8(1) 3.888(6)

O3 – 320.0 GHz N2 O2 Air

J = 201,19¨200,20 g (MHz/mTorr) Shift
(kHz/Torr)

g (MHz/mTorr) Shift
(kHz/Torr)

g (MHz/mTorr)

296 K 3.059(11) 29.0(5) 2.547(6) 25.0(5) 2.951(10)

240 K 3.537(9) 32.7(7) 2.986(7) 29.2(14) 3.421(9)

195 K 4.122(7) 58(12) 3.462(13) 47(10) 3.983(8)

n 0.719(13) 0.735(15) 0.722(13)

g0(296 K) 3.057(6) 2.547(4) 2.950(6)

Total num. of
points

90 84

Note. The statistical errors given in parentheses are one time the standard deviation (1s) of the least-square fit.
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Nitric acid: pressure broadening coefficients. The air-pressure broadening coefficients of the
319.2, 319.9, 320.0, 322.3 and 344.2 GHz lines of HNO3 at T = 296 K have been determined
as explained in the “Retrieval procedure” section. The results obtained are collected in Table
4.7; the graphical least square fits for the various transitions are depicted in Figures 4.23-4.27.
Even if HNO3 is an unstable and reactive molecule, even if there is the presence of weaker
transitions near to the one of interest, satisfactory results have been reached. In fact, we have
been able to obtain errors of the same order of those of O3: the statistical errors are lower than
1%. Of course, these statistical errors coming from the least-square fits are too optimistic.
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Figure 4.23. Normalized Lorentzian half-widths DnNL against pressure: air-broadening of the
319.2 GHz line of HNO3.
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Figure 4.24. Normalized Lorentzian half-widths DnNL against pressure: air-broadening of the
319.9 GHz line of HNO3.
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In general, as previously discussed in the “Error sources” section, for pressure broadening
studies, systematic errors are present and it is not easy to take them into account. As for O3,
from our past experience and from the available literature on this topic and, in particular, on
this molecule, we estimate that the systematic errors are of the order of 2%. Thus, we can
estimate the total uncertainties affecting the results reported in Table 4.7 to be 1s + 2%.
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Figure 4.25. Normalized Lorentzian half-widths DnNL against pressure: air-broadening of the
320.0 GHz line of HNO3.
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Figure 4.26. Normalized Lorentzian half-widths DnNL against pressure: air-broadening of the
322.3 GHz line of HNO3.
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Figure 4.27. Normalized Lorentzian half-widths DnNL against pressure: air-broadening of the
344.2 GHz line of HNO3.

Nitric acid: pressure shift. As concerns the pressure shift effect, the pressure shift parameters
have been evaluated as explained in the “Retrieval procedure” section; an example of fit is
given in Figure 4.28. The results obtained are collected in Table 4.7. First of all, by
comparing the results reported in tables 4.6 and 4.7, we can notice that this effect is smaller in
HNO3 than in O3, and the values are affected by very large uncertainties (larger than in O3). In
the case of the 320.0 GHz transition, the pressure shift parameter is not determinable at all.
Thus, on the whole, we can consider this effect negligible.

Figure 4.28. Frequency shift against pressure: air-broadening of the 344.2 GHz line of HNO3.
On y axis only the last digits of the frequency are reported.
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TABLE 4.7. Air-broadening parameters for the 319.2, 319.9, 320.0, 322.3 and 344.2 GHz
lines of HNO3 at T = 296 K.

HNO3:  Air-broadening
(FINAL RESULTS)

g (MHz/Torr) Shift (kHz/Torr)

J = 25d,25 ¨ 24d,24

319.221 GHz 4.192(27) 17(4)

J = 272,25 ¨ 271,26

319.897 GHz 4.282(19) -32(6)

J = 261,25 ¨ 260,26

320.005 GHz 4.211(12) 12(15) – indeterm.

J = 1513,3 ¨ 1413,2

322.348 GHz 4.574(14) 22(2)

J = 27d,27 ¨ 26d,26

344.241 GHz 4.190(14) 4(2)
Note. The statistical errors given in parentheses are one time the standard deviation (1s) of the least-square fit.

4.4.2. PhLAM

Final broadening parameters retrieved as explained in the previous sections are gathered in
Tables 4.8 and 4.9 for ozone and nitric acid, respectively. For ozone lines at 301.8 GHz, 303.2
GHz and 317.2 GHz, measurements at different temperatures allow us to determine the
dependence of the pressure broadening parameters as a function of the temperature.
Temperature exponents n and broadening parameters at the reference temperatures T0 = 296 K
and T0 = 240K were retrieved from a weighted least-squares procedure. They are given in
Table 4.8.
It can be seen that most of the statistical errors reported in Table 4.8 for ozone lines are
located in the 0.4-1% range, while they are less than 2% for nitric acid lines (see Table .4.9).
As discussed in the "error sources" section (§ 4.3), systematic errors are present. They are not
taken into account in the statistical errors but they are likely to be larger. It is usually assumed
that these systematic errors are of the order of 2% of the line broadening parameters.
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TABLE 4.8. Retrieved values at PhLAM for investigated ozone lines (g in MHz/Torr).

Transition frequency T N2 O2 Air
 (MHz) (K)    
134,10 ¨ 143,11 300685.15 237.5 3.812 (16) 3.419 (24) 3.729 (18)
      
140,14 ¨ 131,13 301813.00 299 3.134 (15) 2.718 (24) 3.047 (17)

269 3.413  ( 8) 2.883 (16) 3.302 (10)
232 3.745 (23) 3.204 (16) 3.631 (22)

retrieved values
n 0.707 (31) 0.670 (36) 0.688 (32)

g(240 K) 3.688 (15) 3.127 (13) 3.562 (15)
g(296 K) 3.180 (11) 2.717 (17) 3.084 (12)

     
72,6 ¨ 71,7 303164.92 299 3.331 (25) 2.836 (19) 3.227 (24)

269 3.713 (22) 3.171 (13) 3.600 (20)
232 4.144 (18) 3.594 (20) 4.028 (19)

retrieved values
n 0.831 (32) 0.916 (33) 0.849 (32)

g(240 K) 4.039 (15) 3.500 (15) 3.926 (15)
g(296 K) 3.393 (20) 2.888 (14) 3.287 (19)

     
53,3 ¨ 62,4 317195.06 297 3.511 (42) 3.124  (30) 3.430 (40)

270 3.684 (34) 3.266  (26) 3.596 (32)
237.5 3.985 (22) 3.553  (40) 3.894 (26)

retrieved values
n 0.57 (5) 0.57 (6) 0.58 (6)

g(240 K) 3.958 (20) 3.515 (33) 3.867 (24)
g(296 K) 3.510 (33) 3.124 (33) 3.423 (32)

     
262,24 ¨ 253,23 343237.5 240 3.695 (26) 3.163 (28) 3.583 (26)

     
43,1 ¨ 52,4 343505.6 240 3.794 (30) 3.296 (30) 3.689 (30)
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TABLE 4.9. Retrieved values at PhLAM for investigated nitric acid lines (g in MHz/Torr).

Transition frequency T g (N2) g (O2) g (air)
 (MHz) (K)    
44d,25 ¨ 44d,26 316611.4 298 3.832 (77)

43d,25 ¨ 43d,26 316901.9 298 3.820 (57)

27d,27 ¨ 26d,26 344241.5 296 4.107 (41)

24d,11 ¨ 23d,10 470233.0 296 4.404 (54) 3.342 (25) 4.189 (43)

38d,33 ¨ 37d,32 544360.0 296 4.131 (42) 3.098 (20) 3.920 (34)

4.5. Intercomparison and final results

4.5.1. Intercomparison of the final results

In order to check the consistency and to estimate the accuracy of the measured data, the O3

line at 301.813 GHz and the HNO3 line at 344.241 GHz have been measured both at LMSB
and at PhLAM (furthermore, the O3 line at 317.195 GHz was also measured in both
laboratories at 240 K). The retrieved linewidths were analyzed independently as described in
the previous section 4.2. Table 4.10 shows the results for O3 and HNO3, respectively.

TABLE 4.10. Intercomparison results.

Line a LMSB PhLAM Diff.(%)b Diff./s c

O3 @ 301.8 GHz g(N2) 296 K 3.149(9) 3.180(11) 0.98 2.18
g(O2) 296 K 2.681(7) 2.717(17) 1.34 1.96
g(N2) 240 K 3.584(13) 3.688(15) 2.90 5.24
g(O2) 240 K 3.070(22) 3.127(13) 1.86 2.23
n(N2) 0.674(26) 0.707(31) 4.90 0.82
n(O2) 0.684(14) 0.670(36) 2.05 0.36

O3 @ 317.2 GHz g(N2) 240 K 3.975(6) 3.958(20) 0.43 0.81
g(O2) 240 K 3.560(6) 3.515(33) 1.26 1.34

HNO3 @ 344.2 GHz g(air) 296 K 4.190(14) 4.107(41) 1.98 1.92
a g in MHz/Torr. n unitless.
b Diff. = difference between the two results (in %).
c s = standard deviation of the difference.

It can be seen that the overall agreement is good. The broadening parameters agree within 2s,
except for g(N2) at 240 K for the O3 line at 301.8 GHz but the difference (in %) is only 2.9 %
which is acceptable taking into account the discussion of the error sources (§ 4.3). The
agreement of the temperature exponents is extremely good, the largest difference being again
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found for the O3 line at 301.8 GHz broadened by N2. This point will be discussed in the
following section.

4.5.2. Analysis of the O3 line at 301.8 GHz broadened by N2

It is easy to explain the small (apparent) discrepancy found for the O3 line at 301.8 GHz
broadened by N2. The parameters g and n are determined by the standard least squares method
(see § 4.2). This is the usual method but it raises two questions:

• Two parameters (g and n) are determined from few temperatures (here three). The first
obvious conclusion is that the standard deviation of the parameters is not a reliable
indicator of their accuracy because the number of degrees of freedom is much too
small (here only one): a 95% confidence interval with one degree of freedom is
±12.71s broad, assuming that the errors follow the normal law.

• As discussed in section 4.3, the errors do not follow the normal law because
systematic errors are expected to be larger than random errors. Therefore, the standard
deviations derived from the least squares fit are meaningless parameters.

There are however statistical methods which are less sensitive than the least squares method
to the non-normal distribution of errors. Two such methods were used:

• The least median of squares [ROUS87] where the median of the squares of the
residuals is minimized instead as the sum of squares as in the standard least squares
method.

• The iteratively reweighted least squares method [HAMI92] where the weighted least
squares method is used but the weights are iteratively calculated from the residuals of
the previous iteration. Briefly, if ei = exp(i) – calc(i) are the residuals of one iteration,
the median absolute deviation (MAD) is first calculated,

† 

MAD = median|ei – median(ei)| (4.25)
It allows us to estimate the population standard deviation,

s = MAD/0.6745 (4.26)
It is used to scale the residuals,

ui = |ei|/s (4.27)
Finally, the weights of the next iteration are calculated by applying a biweight
function,

† 

 wi = 1- ui /4.685( )2[ ]
2

if ui £ 4.685
wi = 0 if ui > 4.685

(4.28)

Both methods are "robust", i.e. they allow us to detect "dubious" data. In the present case,
they give compatible results and, furthermore, show that the measurements obtained in the
two laboratories are themselves compatible and of equivalent accuracy. The result of the fit
with the iteratively reweighted least squares method is shown in table 4.11.
The next step is to estimate a confidence interval for the parameters and to compare it to the
one obtained from the standard least squares procedure. For this goal, we used the BCa (bias
corrected and accelerated) method which is a bootstrap method well suited when the number
of data is small and when the errors do not follow the normal law. The explanation of this
"computer intensive" method requires a good knowledge of statistics and it is, furthermore,
rather lengthy. For these reasons, it is not given here. It may be found, for instance, in Ref.
[EFRO93]. The 90% confidence intervals determined with the help of the BCa method are
compared in table 4.12 to those estimated with the Student law (standard least square
method). The result is extremely satisfactory, both confidence intervals being largely
compatible, the BCa one being even narrower (but slightly asymmetric). However, it has to
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be remembered that it is only a 90% confidence interval (a 95% confidence interval is about
1.3 times broader). It indicates that an error of 2% on the line broadening parameters to take
into account the systematic errors is probably correct in our present case. For the n parameter,
an error of about 20% seems to be the right order of magnitude, as discussed in section 4.3.

TABLE 4.11. Results of the iteratively reweighted least squares fit for the O3 line at 301.8 GHz
broadened by N2.

Laboratory T (K) g(N2)
(MHz/Torr)

e – c a s b

PhLAM 299 3.134 –0.008 0.032
LMSB 296 3.149 –0.014 0.033
PhLAM 269 3.413 0.044 0.035
LMSB 240 3.584 –0.049 0.036
PhLAM 232 3.745 0.030 0.034
LMSB 195 4.163 –0.004 0.032
a residual of the fit.
b standard deviation of the experimental value calculated from the weight of the last
iteration.

TABLE 4.12. 90% confidence intervals of g(N2) and n for the O3 line at 301.8 GHz broadened
by N2.

n g(N2) at 296 K
min. max. min. max.

Student 0.599 0.723 3.121 3.205
BCa 0.601 0.709 3.143 3.219

4.5.3. Final results
The conclusion of the preceeding sections is that the agreement of the results obtained in the
two laboratories is excellent. This result is remarkable taking into account the fact that recent
intercomparisons of line broadening measurements show differences up to 20%. Although a
large effort was taken to minimize the systematic error sources, they are still dominating (as
discussed in sections 4.3 and 4.5.2). Therefore, the standard deviation of the parameters is not
a reliable indicator of their accuracy. As it is not obvious which measurement has the smallest
systematic error, the combined results for the database implementation were calculated by
taking the unweighted average of LMSB and PhLAM values. The final results are shown in
tables 4.13 and 4.14 for ozone and nitric acid, respectively. The given uncertainty for the
combined results is the larger uncertainty from both single group results.
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TABLE 4.13. List of the line broadening measurements of ozone performed within the course
of this study.

Lab. n (MHz) J’ Ka’ Kc’ J” Ka” Kc” T (K) agam a nair
PhLAM 300685 13 4 10 14 3 10 238 3.730(18)
both 301813 14 0 14 13 1 13 296 3.081(19) 0.676(20)
PhLAM 303165 7 2 6 7 1 7 296 3.287(19) 0.849(32)
both 317195 5 3 3 6 2 4 296 3.427(29) 0.580(60)
LMSB 319997 20 1 19 20 0 20 296 2.950(6) 0.722(13)
PhLAM 343238 26 2 24 25 3 23 240 3.583(26)
PhLAM 343506 4 3 1 5 2 4 240 3.689(30)

a in MHz/Torr

TABLE 4.14. List of the line broadening measurements at T = 296 K of nitric acid performed
within the course of this study.

Laboratory n (MHz) Assignment agam
PhLAM 316611 44d,25 ¨ 44d,26 3.832(77) a

PhLAM 316902 43d,25 ¨ 43d,26 3.820(57) a

LMSB 319222 25d,25 ¨ 24d,24 4.192(27)
LMSB 319897 27d,25 ¨ 27d,26 4.282(19)
LMSB 320005 261,25 ¨ 260,26 4.211(12)
LMSB 322348 1513,3 ¨ 1413,2 4.574(14)
both 344242 27d,27 ¨ 26d,26 4.181(41)
PhLAM 470233 24d,11 ¨ 23d,10 4.189(43)
PhLAM 544360 38d,33 ¨ 37d,32 3.920(34)

a Measured at T = 298 K.
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5. Line intensities and partition functions.
Line broadening parameters for HNO3.

5.1. Introduction

This chapter corresponds to the study performed during WP302 and WP402. During the
process of this study it was found necessary to perform line intensity calculations for water,
ozone (O3), nitric acid (HNO3), and nitrous oxide (N2O). In order to compute lines intensities
at different temperatures, it is necessary to have reliable partition functions. Also the line
broadening parameters of HNO3 have been modeled using the available line broadening
experimental parameters, and the results of this experimental approach are presented in this
chapter. Finally, the partition functions available in the HITRAN database for the molecules
of relevance for MASTER were checked extensively, and the results of this study [FISC03]
show that for the partition functions available in HITRAN are satisfactory for the range of
temperatures under relevance for MASTER. The exception is of course the BrO molecule
which is not considered in HITRAN, and for this reason the present chapter presents the
calculation of the BrO partition function which was performed for the goal of the present
study.

5.2. Modeling of water spectra: line positions and intensities

5.2.1. THEORETICAL BACKGROUND

The water molecule is among the lightest molecules. It displays very large A, B, and C
rotational constants respectively equal to 27.88, 14.52, and 9.27 cm-1. As a consequence the
water molecule displays a strong vibration-rotation interaction arising because the rotational
energy spacing for a J-value as low as 8 becomes larger than the vibrational energy spacing.
The vibrational mode which is the most strongly coupled to the rotation is the bending n2

mode as it is the lowest energy vibrational mode (at 1648 cm-1
) and as it leads to an infinitely

large A rotational constant for a linear configuration of the molecule, i.e., when the bending
angle is equal to 180°. This coupling leads to the so-called anomalous centrifugal distortion. If
one wants to account for the rotational energies of water, the usual approach (expansion of the
Hamiltonian as a power series of the components of the angular momentum J) developed for
rigid molecules cannot be safely used because of this anomalous centrifugal distortion. More
precisely, such an expansion diverges for rotational levels with medium and large J values.
The theoretical approach developed [COUD94] at LPPM accounts for the strong coupling
between the bending n2 mode and the overall rotation of the molecule. This is achieved using
a four dimensional Hamiltonian in which the overall rotation of the molecule as well as the
bending mode are treated together. In its first stage, this approach allowed us to calculate
properly the rotational energies of the five first vibrational states of water [LANQ01].
Recently the model was extended to account for the first eight vibrational states. This
approach also allows us to account for lines intensities. The last investigation of the line
intensities of water performed previously showed that experimental line intensities could be
reproduced within experimental uncertainty [COUD99].
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5.2.2 THE H2
16O MOLECULE

5.2.2.1. Line position analysis
In the analysis, line positions from Refs. [JOHN85, PASO95, TOTH93a, TOTH93b,
TOTH98] involving the eight first vibrational states of water were used as input data for a
least-squares-fit program in which they were given a weight equal to the inverse of the square
of their experimental uncertainty. This analysis yielded the potential energy function for the
bending n2 mode in the vibrational states with zero quantum of energy in both stretching
modes (states of the type (0, v2, 0), one quantum of energy in the symmetric stretching mode,
and one quantum of energy in the asymmetric stretching mode. The unitless standard
deviation of this first analysis is 1.0 which is quite satisfactory and means that the theoretical
approach is capable of reproducing observed wave numbers to within their experimental
uncertainty.

5.2.2.2. Line intensity analysis
The line intensity analysis was carried out considering a large body of data from the
literature [TOTH93a, TOTH93b, TOTH98, RINS91a, BROW96]. In this analysis, matrix
elements of the dipole moment functions between the various stretching states involved in the
data set were calculated using the results of the line position analysis. More than 4500
experimental line intensities were considered and the unitless standard deviation of the fit was
1.43 showing a rather good agreement between observed and calculated intensities. In this
way, we were able to determine accurately the spectroscopic parameters involved in the
dipole moment functions.

5.2.2.3. Comparison of line intensities
The line intensities of the HITRAN database (denoted HIT in the following) were compared
with the line intensities calculated (denoted CALC in the following) using the theoretical
approach described above. The results which can be can be found in Table 5.1 deserves the
following comments:

• For the pure rotational lines (V’ V” = 1 1 in the HITRAN notation) the ratio of
intensities HIT/CALC = 1.0037 (0.045) shows that for the set of lines considered there
is a very good agreement between the two line lists. This is understandable since the
water lines considered here involve low or medium quantum numbers for which
centrifugal distortion is rather weak. Moreover, if one eliminates the first line, which
corresponds to high rotational quantum numbers, one gets HIT/CALC = 1.007 (0.016)
showing that the agreement is of the order of 1-2%.

• For the rotational lines in the first excited state (V’ V” = 2 2 in the HITRAN notation)
the ratio of intensities HIT/CALC = 1.034 (0.053) shows that for the set of lines
considered there is still a very good agreement between the two line lists.

• For the rotational lines in the second excited state (V’ V” = 3 3 in the HITRAN
notation) the ratio of intensities (HIT/CALC = 0.8700(23)) shows that for the set of
lines considered, the two calculations do not agree very well even if the standard
deviation is rather large. It is however difficult to decide without intensity
measurements which line list is better.

As a conclusion one can say that at this stage it is reasonable to use the HITRAN line
intensities. If, in the future, it proves necessary to improve the quality of the intensities, it is
suggested to undertake a study mixing intensity measurements for well-chosen lines and
modeling based upon the theoretical approach described above.
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5.2.3. THE LESS ABUNDANT H2O ISOTOPIC SPECIES

Since not enough data is available concerning the less abundant isotopes of water vapor it was
not possible to use our method and to determine for them reliable expansions for the dipole
moments. However, since for these less abundant species, the lines involve rather low
rotational quantum numbers one can expect that the usual approach [FLAU81] is working. We
have checked this hypothesis on the H2

18O isotopomer by comparing the intensities of its lines
to those of the main isotopomer H2

16O. Tables 5.2 and 5.3 present such comparisons with the
H2

16O HITRAN intensities and with the ones calculated with the new model. Given the ratios
obtained in this way (which are very near from the (H2

18O / H2
16O) isotopic ratio) as well as

the associated standard deviations, it is clear that the usual approach gives reliable results:

Table 5.1
H216O: COMPARISON OF LINE INTENSITIES

V' V" = 1 1
HIT/CAL(MEAN)=  1.00373 ± 0.04487
     CALC       HIT      CALC     HIT       HIT/CALC    ROT’     ROT”       V’ V”  ISO
   0.41617    0.40120  2.057E-32 1.010E-32    0.49101 15  7  9  16  4 12    1  1    1
   0.74169    0.74168  4.394E-25 4.390E-25    0.99909  6  1  6   5  2  3    1  1    1
   4.65700    4.65470  1.168E-28 1.190E-28    1.01884 14  6  9  15  3 12    1  1    1
   5.91468    5.90770  1.196E-29 1.240E-29    1.03679 15  6 10  16  3 13    1  1    1
   6.11457    6.11457  7.785E-23 7.770E-23    0.99807  3  1  3   2  2  0    1  1    1
   8.25371    8.26160  2.674E-28 2.780E-28    1.03964 14  4 10  15  3 13    1  1    1
   8.67110    8.66030  5.941E-28 6.050E-28    1.01835 13  6  8  14  3 11    1  1    1
  10.71493   10.71493  2.528E-24 2.550E-24    1.00870 10  2  9   9  3  6    1  1    1
  10.84594   10.84593  9.105E-23 9.100E-23    0.99945  5  1  5   4  2  2    1  1    1
  11.30929   11.30540  2.166E-29 2.280E-29    1.05263 16  6 11  17  3 14    1  1    1
  11.83515   11.83770  9.951E-30 1.070E-29    1.07527 17  4 13  16  7 10    1  1    1
  12.68202   12.68202  8.304E-22 8.290E-22    0.99831  4  1  4   3  2  1    1  1    1
  13.01349   13.01438  2.854E-25 2.870E-25    1.00561 10  3  7  11  2 10    1  1    1
  14.58831   14.58832  4.817E-24 4.840E-24    1.00477  7  5  3   6  6  0    1  1    1
  14.64850   14.64849  7.145E-23 7.160E-23    1.00210  6  4  3   5  5  0    1  1    1
  14.77750   14.77750  1.483E-23 1.490E-23    1.00472  7  5  2   6  6  1    1  1    1
  14.94371   14.94371  8.679E-22 8.670E-22    0.99896  4  2  3   3  3  0    1  1    1
  15.70717   15.70716  2.740E-23 2.750E-23    1.00365  6  4  2   5  5  1    1  1    1
  15.83393   15.83393  1.094E-22 1.090E-22    0.99634  5  3  3   4  4  0    1  1    1
  16.29430   16.29431  2.216E-23 2.210E-23    0.99729  6  2  4   7  1  7    1  1    1
  16.79723   16.79850  3.171E-24 3.200E-24    1.00915  8  6  3   7  7  0    1  1    1
  16.82772   16.83290  1.061E-24 1.070E-24    1.00848  8  6  2   7  7  1    1  1    1
  17.69031   17.69320  2.227E-26 2.280E-26    1.02380 14  3 12  13  4  9    1  1    1
  17.82035   17.84940  1.235E-30 1.310E-30    1.06073 18  4 14  17  7 11    1  1    1
  18.57738   18.57738  5.285E-20 5.270E-20    0.99716  1  1  0   1  0  1    1  1    1
  19.07701   19.07770  3.046E-26 3.090E-26    1.01445 12  6  7  13  3 10    1  1    1
  19.73672   19.73660  5.557E-28 5.660E-28    1.01854 14  7  8  15  4 11    1  1    1
  19.78798   19.72570  3.251E-30 3.460E-30    1.06429 17  6 12  18  3 15    1  1    1
  20.70436   20.70435  5.694E-22 5.700E-22    1.00105  5  3  2   4  4  1    1  1    1
  21.54044   21.54270  2.352E-25 2.370E-25    1.00765  9  7  3   8  8  0    1  1    1
  21.54509   21.54730  7.059E-25 7.120E-25    1.00864  9  7  2   8  8  1    1  1    1
  25.08512   25.08513  3.483E-20 3.470E-20    0.99627  2  1  1   2  0  2    1  1    1
  25.57753   25.57970  1.635E-25 1.650E-25    1.00917 11  5  7  12  2 10    1  1    1
  27.57091   27.57080  2.592E-29 2.620E-29    1.01080 18  4 15  17  5 12    1  1    1
  28.05447   28.05330  1.821E-24 1.830E-24    1.00494 10  5  6  11  2  9    1  1    1
  28.48807   28.48530  1.612E-25 1.630E-25    1.01117 12  5  8  13  2 11    1  1    1
  28.81460   28.81510  1.408E-25 1.420E-25    1.00852 10  8  3   9  9  0    1  1    1
  28.81529   28.81580  4.694E-26 4.730E-26    1.00767 10  8  2   9  9  1    1  1    1
  30.22778   30.22723  2.855E-23 2.880E-23    1.00876  9  2  8   8  3  5    1  1    1
  30.56019   30.56018  1.433E-21 1.430E-21    0.99791  4  2  2   3  3  1    1  1    1
  32.04384   32.04570  1.280E-29 1.290E-29    1.00781 16  8  9  17  5 12    1  1    1
  32.36623   32.36573  1.609E-21 1.610E-21    1.00062  5  2  4   4  3  1    1  1    1
  32.95369   32.95340  2.532E-20 2.530E-20    0.99921  2  0  2   1  1  1    1  1    1
  33.38797   33.38710  2.121E-27 2.180E-27    1.02782 15  4 11  16  3 14    1  1    1
  35.64726   35.64600  1.911E-26 1.940E-26    1.01518 13  5  9  14  2 12    1  1    1
  36.60415   36.60413  1.645E-19 1.640E-19    0.99696  3  1  2   3  0  3    1  1    1
  36.72977   36.72140  1.016E-25 1.030E-25    1.01378 11  6  6  12  3  9    1  1    1
  37.01222   37.01180  2.506E-24 2.510E-24    1.00160  9  5  5  10  2  8    1  1    1
  37.13712   37.13708  5.042E-20 5.030E-20    0.99762  1  1  1   0  0  0    1  1    1
  38.24717   38.24681  1.135E-22 1.130E-22    0.99559  7  2  5   8  1  8    1  1    1
  38.46417   38.46388  2.543E-20 2.540E-20    0.99882  3  1  2   2  2  1    1  1    1
  38.47229   38.47190  1.707E-24 1.710E-24    1.00176 11  3  8  12  2 11    1  1    1
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    CALC       HIT      CALC     HIT       HIT/CALC    ROT’     ROT”       V’ V”  ISO
  38.53235   38.52980  7.781E-27 7.790E-27    1.00116 11  9  3  10 10  0    1  1    1
  38.53245   38.52990  2.334E-26 2.340E-26    1.00257 11  9  2  10 10  1    1  1    1
  38.63753   38.63624  2.440E-21 2.450E-21    1.00410  6  3  4   5  4  1    1  1    1
  38.79056   38.79119  1.793E-19 1.790E-19    0.99833  3  2  1   3  1  2    1  1    1
  38.97225   38.96857  1.107E-22 1.120E-22    1.01174  8  5  4   7  6  1    1  1    1
  39.11126   39.10866  1.995E-22 2.010E-22    1.00752  7  4  4   6  5  1    1  1    1
  39.72178   39.72360  3.832E-23 3.870E-23    1.00992  8  5  3   7  6  2    1  1    1
  40.28249   40.28341  5.585E-20 5.580E-20    0.99910  4  2  2   4  1  3    1  1    1
  40.55476   40.56010  5.976E-24 6.060E-24    1.01406  9  6  4   8  7  1    1  1    1
  40.69295   40.69380  1.805E-23 1.830E-23    1.01385  9  6  3   8  7  2    1  1    1
  40.98798   40.98831  4.835E-20 4.820E-20    0.99690  2  2  0   2  1  1    1  1    1
  42.41175   42.41470  2.534E-25 2.600E-25    1.02605 13  3 11  12  4  8    1  1    1
  42.63837   42.63553  7.142E-22 7.190E-22    1.00672  7  4  3   6  5  2    1  1    1
  43.24363   43.24245  6.896E-22 6.950E-22    1.00783  8  2  7   7  3  4    1  1    1
  43.62896   43.62900  5.236E-23 5.220E-23    0.99694  8  4  5   9  1  8    1  1    1
  44.09934   44.09834  5.696E-21 5.720E-21    1.00421  6  2  5   5  3  2    1  1    1
  44.54010   44.54320  2.631E-24 2.670E-24    1.01482 10  7  4   9  8  1    1  1    1
  44.56363   44.56430  8.780E-25 8.920E-25    1.01595 10  7  3   9  8  2    1  1    1
  44.85357   44.85320  3.814E-23 3.800E-23    0.99633  7  4  4   8  1  7    1  1    1
  45.97057   45.96610  1.914E-26 1.940E-26    1.01358 14  5 10  15  2 13    1  1    1
  46.24088   46.24310  3.189E-27 3.230E-27    1.01286 13  7  7  14  4 10    1  1    1
  47.05315   47.05434  1.420E-19 1.420E-19    1.00000  5  2  3   5  1  4    1  1    1
  47.86674   47.86610  7.954E-24 7.930E-24    0.99698  9  4  6  10  1  9    1  1    1
  48.05931   48.05799  9.332E-22 9.390E-22    1.00622  7  2  6   6  3  3    1  1    1
  50.57133   50.57670  3.128E-27 3.090E-27    0.98785 12 10  3  11 11  0    1  1    1
  50.57134   50.57670  1.043E-27 1.030E-27    0.98754 12 10  2  11 11  1    1  1    1
  51.00629   51.00920  1.150E-25 1.170E-25    1.01739 11  8  4  10  9  1    1  1    1
  51.01013   51.01300  3.449E-25 3.500E-25    1.01479 11  8  3  10  9  2    1  1    1
  51.43449   51.43300  1.527E-21 1.530E-21    1.00196  6  3  3   5  4  2    1  1    1
  52.51073   52.51050  2.281E-22 2.270E-22    0.99518  6  4  3   7  1  6    1  1    1
  53.24526   53.24510  2.626E-23 2.620E-23    0.99772  8  5  4   9  2  7    1  1    1
  53.44428   53.44439  6.938E-20 6.930E-20    0.99885  4  1  3   4  0  4    1  1    1
  53.65004   53.62170  2.714E-28 2.820E-28    1.03906 17  4 14  16  5 11    1  1    1
  55.40525   55.40536  1.830E-19 1.820E-19    0.99454  2  2  1   2  1  2    1  1    1
  55.70203   55.70208  4.349E-19 4.340E-19    0.99793  2  1  2   1  0  1    1  1    1
  56.48808   56.48720  1.055E-23 1.050E-23    0.99526 10  4  7  11  1 10    1  1    1
  56.51018   56.52760  3.149E-28 3.230E-28    1.02572 16  4 12  17  3 15    1  1    1
  57.16898   57.17086  7.917E-22 7.850E-22    0.99154  4  3  2   5  0  5    1  1    1
  57.26527   57.26511  4.060E-19 4.060E-19    1.00000  3  0  3   2  1  2    1  1    1
  57.27151   57.27418  2.166E-22 2.150E-22    0.99261  5  3  3   6  0  6    1  1    1
  58.48390   58.47954  1.872E-27 1.900E-27    1.01496 15  5 11  16  2 14    1  1    1
  58.77542   58.77834  3.043E-20 3.050E-20    1.00230  6  3  3   6  2  4    1  1    1
  58.91405   58.91144  1.369E-21 1.380E-21    1.00804  7  3  5   6  4  2    1  1    1
  59.86239   59.86590  3.937E-26 3.970E-26    1.00838 12  9  4  11 10  1    1  1    1
  59.86300   59.86650  1.312E-26 1.320E-26    1.00610 12  9  3  11 10  2    1  1    1
  59.86771   59.86906  3.706E-20 3.720E-20    1.00378  6  2  4   6  1  5    1  1    1
  59.94677   59.94939  4.831E-20 4.860E-20    1.00600  7  3  4   7  2  5    1  1    1
  61.74958   61.75000  1.718E-24 1.720E-24    1.00116 10  6  5  11  3  8    1  1    1
  62.30139   62.30392  1.561E-19 1.560E-19    0.99936  5  3  2   5  2  3    1  1    1
  62.70171   62.70071  3.188E-23 3.160E-23    0.99122  8  2  6   9  1  9    1  1    1
  62.73515   62.73830  4.420E-22 4.380E-22    0.99095  6  3  4   7  0  7    1  1    1
  62.87310   62.87370  1.083E-21 1.100E-21    1.01570  8  4  5   7  5  2    1  1    1
  63.16658   63.16762  1.962E-22 1.950E-22    0.99388  3  3  1   4  0  4    1  1    1
  63.33890   63.33058  6.260E-23 6.350E-23    1.01438  9  5  5   8  6  2    1  1    1
  63.49377   63.50641  3.475E-25 3.470E-25    0.99856 12  3  9  13  2 12    1  1    1
  63.49870   63.50048  9.805E-24 1.010E-23    1.03009 12  3 10  11  4  7    1  1    1
  63.99378   63.99348  2.917E-20 2.930E-20    1.00446  5  2  3   4  3  2    1  1    1
  64.02294   64.02335  9.125E-20 9.100E-20    0.99726  3  2  2   3  1  3    1  1    1
  64.38507   64.38500  2.625E-23 2.680E-23    1.02095 10  6  5   9  7  2    1  1    1
  64.79187   64.78550  1.127E-28 1.090E-28    0.96717 13 11  3  12 12  0    1  1    1
  64.79187   64.78550  3.381E-28 3.270E-28    0.96717 13 11  2  12 12  1    1  1    1
  64.87855   64.88040  8.884E-24 9.060E-24    1.01981 10  6  4   9  7  3    1  1    1
  65.68593   65.68520  2.021E-22 2.050E-22    1.01435  9  5  4   8  6  3    1  1    1
  66.10161   66.06670  6.929E-29 7.020E-29    1.01313 15  8  8  16  5 11    1  1    1
  67.20865   67.20800  1.082E-22 1.070E-22    0.98891  5  4  2   6  1  5    1  1    1
  67.24595   67.24736  8.094E-21 8.160E-21    1.00815  8  3  5   8  2  6    1  1    1
  67.52861   67.53040  1.054E-24 1.080E-24    1.02467 11  7  5  10  8  2    1  1    1
  67.62194   67.62160  3.169E-24 3.240E-24    1.02240 11  7  4  10  8  3    1  1    1
  68.06299   68.06474  7.353E-20 7.340E-20    0.99823  4  3  1   4  2  2    1  1    1
  68.41332   68.41130  1.434E-24 1.430E-24    0.99721 11  4  8  12  1 11    1  1    1
  69.19562   69.19550  4.994E-20 5.000E-20    1.00120  4  1  3   3  2  2    1  1    1
  70.96960   70.97050  1.280E-27 1.270E-27    0.99219 13 10  4  12 11  1    1  1    1
  70.96970   70.97060  3.839E-27 3.820E-27    0.99505 13 10  3  12 11  2    1  1    1
  72.12892   72.12910  4.836E-22 4.890E-22    1.01117  8  4  4   7  5  3    1  1    1
  72.18767   72.18797  2.689E-19 2.690E-19    1.00037  3  1  3   2  0  2    1  1    1
  72.36413   72.35770  1.427E-27 1.450E-27    1.01612 16  5 12  17  2 15    1  1    1
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     CALC       HIT      CALC     HIT       HIT/CALC    ROT’     ROT”       V’ V”  ISO
  72.63057   72.63361  8.939E-23 8.840E-23    0.98892  7  3  5   8  0  8    1  1    1
  73.09133   73.09420  3.318E-25 3.400E-25    1.02471 12  8  5  11  9  2    1  1    1
  73.10793   73.11230  1.107E-25 1.130E-25    1.02078 12  8  4  11  9  3    1  1    1
  73.26221   73.26307  2.123E-19 2.120E-19    0.99859  3  3  0   3  2  1    1  1    1
  74.10962   74.11000  2.155E-19 2.160E-19    1.00232  5  1  4   5  0  5    1  1    1
  74.87884   74.87544  3.345E-21 3.380E-21    1.01046  8  3  6   7  4  3    1  1    1
  75.52390   75.52472  2.989E-19 2.980E-19    0.99699  4  2  3   4  1  4    1  1    1
  76.73495   76.73470  2.026E-23 2.010E-23    0.99210  7  5  3   8  2  6    1  1    1
  77.31623   77.32075  8.026E-21 8.120E-21    1.01171  9  4  5   9  3  6    1  1    1
  77.32080   77.31910  2.610E-28 2.660E-28    1.01916 17  4 13  18  3 16    1  1    1
  78.19577   78.19715  7.810E-20 7.850E-20    1.00512  7  2  5   7  1  6    1  1    1
  78.30357   78.30516  9.059E-22 9.200E-22    1.01556 10  4  6  10  3  7    1  1    1
  78.61556   78.61763  2.674E-23 2.740E-23    1.02468 11  3  9  10  4  6    1  1    1
  78.70668   78.70950  1.418E-26 1.490E-26    1.05078 16  4 13  15  5 10    1  1    1
  78.91792   78.91873  7.905E-20 7.880E-20    0.99684  3  3  1   3  2  2    1  1    1
  79.00660   79.00810  6.895E-26 6.910E-26    1.00218 12  7  6  13  4  9    1  1    1
  79.77428   79.77446  2.981E-19 2.990E-19    1.00302  4  0  4   3  1  3    1  1    1
  80.99762   80.99709  1.156E-20 1.170E-20    1.01211  9  3  6   9  2  7    1  1    1
  81.01601   81.01500  1.008E-26 1.030E-26    1.02183 13  9  5  12 10  2    1  1    1
  81.01887   81.01840  3.023E-26 3.080E-26    1.01886 13  9  4  12 10  3    1  1    1
  81.04669   81.03300  2.977E-29 2.780E-29    0.93383 14 12  3  13 13  0    1  1    1
  81.61791   81.61840  7.345E-21 7.400E-21    1.00749  8  4  4   8  3  5    1  1    1
  82.15461   82.15637  2.864E-19 2.860E-19    0.99860  4  3  2   4  2  3    1  1    1
  82.64073   82.64564  1.570E-24 1.560E-24    0.99363 12  4  9  13  1 12    1  1    1

V' V" = 2 2
HIT/CAL(MEAN)=    1.03363 ± 0.05313
     CALC       HIT      CALC     HIT       HIT/CALC    ROT’     ROT”       V’ V”  ISO
   0.40057    0.40070  2.352E-28 2.330E-28    0.99065  4  2  3   3  3  0    2  2    1
   0.89509    0.89490  3.600E-28 3.640E-28    1.01111  5  3  2   4  4  1    2  2    1
   2.26169    2.26190  1.233E-26 1.240E-26    1.00568  4  1  4   3  2  1    2  2    1
   3.21093    3.21140  1.532E-27 1.520E-27    0.99217  4  4  0   5  3  3    2  2    1
   4.00262    4.00740  1.429E-26 1.430E-26    1.00070  2  2  0   3  1  3    2  2    1
   6.97543    6.97570  1.657E-27 1.640E-27    0.98974  5  5  1   6  4  2    2  2    1
   7.76158    7.76140  6.153E-27 6.100E-27    0.99139  5  5  0   6  4  3    2  2    1
   8.76933    8.76780  6.965E-29 7.050E-29    1.01220  7  7  1   8  6  2    2  2    1
   8.78780    8.78720  2.098E-28 2.120E-28    1.01049  7  7  0   8  6  3    2  2    1
   9.79558    9.79690  1.782E-27 1.780E-27    0.99888  6  6  1   7  5  2    2  2    1
   9.92149    9.92210  6.094E-28 6.080E-28    0.99770  6  6  0   7  5  3    2  2    1
  11.21535   11.21410  5.400E-26 5.410E-26    1.00185  5  2  3   6  1  6    2  2    1
  14.19949   14.19950  4.010E-27 4.140E-27    1.03242  8  5  4   7  6  1    2  2    1
  14.63423   14.63700  1.874E-28 2.000E-28    1.06724  9  6  4   8  7  1    2  2    1
  14.70142   14.70220  1.432E-27 1.480E-27    1.03352  8  5  3   7  6  2    2  2    1
  14.71813   14.71710  5.688E-28 6.070E-28    1.06716  9  6  3   8  7  2    2  2    1
  15.44973   15.44950  1.317E-25 1.310E-25    0.99468  4  2  2   3  3  1    2  2    1
  16.62826   16.62780  1.107E-26 1.120E-26    1.01174  7  4  4   6  5  1    2  2    1
  18.23562   18.23330  2.002E-25 2.000E-25    0.99900  5  2  4   4  3  1    2  2    1
  18.29514   18.29610  9.395E-29 1.050E-28    1.11762 10  7  4   9  8  1    2  2    1
  18.30829   18.31110  3.136E-29 3.520E-29    1.12245 10  7  3   9  8  2    2  2    1
  19.28191   19.28250  4.472E-26 4.520E-26    1.01073  7  4  3   6  5  2    2  2    1
  19.80399   19.80360  6.399E-27 6.540E-27    1.02203  9  2  8   8  3  5    2  2    1
  19.84971   19.84930  2.215E-25 2.220E-25    1.00226  6  3  4   5  4  1    2  2    1
  21.94872   21.94880  3.027E-23 3.020E-23    0.99769  1  1  0   1  0  1    2  2    1
  25.03432   25.03640  1.543E-29 1.870E-29    1.21192 11  8  3  10  9  2    2  2    1
  25.84641   25.84420  5.787E-28 5.950E-28    1.02817 10  3  7  11  2 10    2  2    1
  28.68537   28.68180  1.912E-23 1.910E-23    0.99895  2  1  1   2  0  2    2  2    1
  29.99752   30.00110  8.265E-24 8.250E-24    0.99819  2  0  2   1  1  1    2  2    1
  30.10072   30.10060  4.144E-26 4.170E-26    1.00627  6  2  4   7  1  7    2  2    1
  30.10787   30.10630  5.786E-24 5.770E-24    0.99723  3  1  2   2  2  1    2  2    1
  30.79172   30.79110  1.165E-24 1.170E-24    1.00429  6  2  5   5  3  2    2  2    1
  30.89428   30.89530  1.848E-25 1.850E-25    1.00108  6  3  3   5  4  2    2  2    1
  32.29057   32.29200  1.915E-25 1.940E-25    1.01305  8  2  7   7  3  4    2  2    1
  35.95029   35.94970  2.397E-25 2.420E-25    1.00960  7  2  6   6  3  3    2  2    1
  36.31039   36.30630  9.157E-29 9.720E-29    1.06148 13  3 11  12  4  8    2  2    1
  38.07757   38.07550  2.206E-27 2.350E-27    1.06528 10  6  5   9  7  2    2  2    1
  38.33363   38.33360  6.255E-27 6.450E-27    1.03118  9  5  5   8  6  2    2  2    1
  38.37867   38.37670  7.469E-28 7.960E-28    1.06574 10  6  4   9  7  3    2  2    1
  39.92226   39.92290  2.035E-26 2.100E-26    1.03194  9  5  4   8  6  3    2  2    1
  40.22079   40.22200  2.429E-23 2.420E-23    0.99629  1  1  1   0  0  0    2  2    1
  40.51678   40.51520  8.720E-23 8.740E-23    1.00229  3  1  2   3  0  3    2  2    1
  40.53033   40.53080  1.389E-25 1.410E-25    1.01512  8  4  5   7  5  2    2  2    1
  40.78899   40.79000  2.311E-25 2.330E-25    1.00822  7  3  5   6  4  2    2  2    1
  40.84298   40.84360  8.120E-29 9.140E-29    1.12562 11  7  5  10  8  2    2  2    1
  40.89523   40.89280  2.442E-28 2.750E-28    1.12613 11  7  4  10  8  3    2  2    1
  46.64492   46.65010  2.494E-29 3.060E-29    1.22694 12  8  5  11  9  2    2  2    1
  46.65358   46.66560  8.317E-30 1.020E-29    1.22640 12  8  4  11  9  3    2  2    1
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     CALC       HIT      CALC     HIT       HIT/CALC    ROT’     ROT”       V’ V”  ISO
  46.92164   46.92370  1.004E-22 1.000E-22    0.99602  3  2  1   3  1  2    2  2    1
  47.43140   47.42800  3.034E-23 3.040E-23    1.00198  4  2  2   4  1  3    2  2    1
  47.64868   47.64830  6.444E-26 6.530E-26    1.01335  8  4  4   7  5  3    2  2    1
  49.15302   49.15230  6.016E-24 6.010E-24    0.99900  5  2  3   4  3  2    2  2    1
  49.83637   49.83980  2.731E-23 2.730E-23    0.99963  2  2  0   2  1  1    2  2    1
  53.10567   53.10320  7.341E-23 7.390E-23    1.00667  5  2  3   5  1  4    2  2    1
  54.66011   54.65810  1.706E-27 1.770E-27    1.03751 11  3  8  12  2 11    2  2    1
  54.83528   54.83520  1.465E-22 1.470E-22    1.00341  3  0  3   2  1  2    2  2    1
  54.92570   54.92540  1.271E-25 1.290E-25    1.01495  7  2  5   8  1  8    2  2    1
  56.55344   56.55470  3.830E-27 4.000E-27    1.04439 12  3 10  11  4  7    2  2    1
  58.01854   58.02300  3.602E-23 3.620E-23    1.00500  4  1  3   4  0  4    2  2    1
  58.05341   58.05400  7.428E-25 7.510E-25    1.01104  8  3  6   7  4  3    2  2    1
  58.50432   58.50340  1.972E-22 1.970E-22    0.99899  2  1  2   1  0  1    2  2    1
  61.52741   61.52640  8.324E-28 8.940E-28    1.07400 11  6  6  10  7  3    2  2    1
  61.68216   61.68550  1.442E-23 1.440E-23    0.99861  4  1  3   3  2  2    2  2    1
  62.25219   62.25310  2.373E-26 2.460E-26    1.03666 10  5  6   9  6  3    2  2    1
  62.43312   62.43250  2.570E-27 2.760E-27    1.07393 11  6  5  10  7  4    2  2    1
  62.84235   62.83720  3.236E-28 3.400E-28    1.05068 11  5  7  12  2 10    2  2    1
  63.19104   63.19080  5.858E-26 5.970E-26    1.01912  9  4  6   8  5  3    2  2    1
  63.34814   63.34590  2.284E-28 2.600E-28    1.13835 12  7  6  11  8  3    2  2    1
  63.43081   63.43110  2.786E-28 2.960E-28    1.06246 12  5  8  13  2 11    2  2    1
  63.52157   63.52710  7.655E-29 8.720E-29    1.13912 12  7  5  11  8  4    2  2    1
  64.49375   64.49380  1.927E-24 1.940E-24    1.00675  7  3  4   6  4  3    2  2    1
  64.92690   64.92730  1.825E-23 1.840E-23    1.00822  6  2  4   6  1  5    2  2    1
  65.24420   65.24410  1.012E-22 1.010E-22    0.99802  2  2  1   2  1  2    2  2    1
  66.47095   66.46840  9.022E-27 9.360E-27    1.03746 10  5  5   9  6  4    2  2    1
  68.15931   68.17380  1.860E-29 2.320E-29    1.24731 13  8  5  12  9  4    2  2    1
  68.40977   68.40920  3.281E-27 3.420E-27    1.04237 10  5  6  11  2  9    2  2    1
  69.05905   69.05620  2.611E-29 2.790E-29    1.06856 13  5  9  14  2 12    2  2    1
  69.53187   69.53190  9.872E-27 1.020E-26    1.03323 11  3  9  10  4  6    2  2    1
  69.74066   69.74110  1.411E-25 1.430E-25    1.01347  9  3  7   8  4  4    2  2    1
  70.28273   70.28170  2.444E-23 2.480E-23    1.01473  7  3  4   7  2  5    2  2    1
  70.47441   70.47390  9.871E-29 1.080E-28    1.09411 12  6  7  13  3 10    2  2    1
  71.39899   71.39900  1.605E-23 1.620E-23    1.00935  6  3  3   6  2  4    2  2    1
  73.96004   73.96040  1.426E-25 1.460E-25    1.02384 10  3  8   9  4  5    2  2    1
  74.30389   74.30360  4.973E-23 4.980E-23    1.00141  3  2  2   3  1  3    2  2    1
  74.51912   74.51420  1.169E-22 1.170E-22    1.00086  3  1  3   2  0  2    2  2    1
  74.97674   74.97900  3.848E-24 3.920E-24    1.01871  8  3  5   8  2  6    2  2    1
  76.52561   76.52590  8.370E-23 8.410E-23    1.00478  5  3  2   5  2  3    2  2    1
  76.61755   76.61820  6.030E-26 6.150E-26    1.01990  8  4  5   9  1  8    2  2    1
  77.96752   77.96610  1.132E-22 1.130E-22    0.99823  4  0  4   3  1  3    2  2    1
  78.61502   78.61390  2.100E-29 2.260E-29    1.07619 14  5 10  15  2 13    2  2    1
  79.13336   79.13370  2.836E-25 2.880E-25    1.01551  9  4  5   8  5  4    2  2    1
  79.15392   79.15300  4.104E-26 4.160E-26    1.01365  7  4  4   8  1  7    2  2    1
  80.09649   80.09660  1.105E-22 1.110E-22    1.00452  5  1  4   5  0  5    2  2    1
  80.17701   80.17690  8.845E-27 9.080E-27    1.02657  9  4  6  10  1  9    2  2    1
  81.07737   81.07680  3.322E-27 3.430E-27    1.03251  9  5  5  10  2  8    2  2    1
  82.86234   82.86320  3.708E-23 3.770E-23    1.01672  7  2  5   7  1  6    2  2    1
  83.01592   83.01520  3.940E-23 3.950E-23    1.00254  4  3  1   4  2  2    2  2    1
  83.43716   83.43440  2.992E-26 3.040E-26    1.01604  8  2  6   9  1  9    2  2    1
  83.50058   83.50110  1.257E-25 1.290E-25    1.02625 10  4  7   9  5  4    2  2    1

V' V" = 3 3
HIT/CAL(MEAN)=    0.87003+   0.22635

    CALC       HIT      CALC     HIT       HIT/CALC    ROT’     ROT”       V’ V”  ISO
  26.47207   26.47200  2.106E-26 1.440E-26    0.68376  1  1  0   1  0  1    3  3    1
  44.46324   44.46400  1.422E-26 1.150E-26    0.80872  1  1  1   0  0  0    3  3    1
  45.38418   45.38400  5.547E-26 4.160E-26    0.74995  3  1  2   3  0  3    3  3    1
  51.32543   51.32500  5.835E-26 6.970E-26    1.19452  3  0  3   2  1  2    3  3    1
  57.36400   57.36400  1.984E-26 1.450E-26    0.73085  4  2  2   4  1  3    3  3    1
  58.12248   58.12200  6.745E-26 4.770E-26    0.70719  3  2  1   3  1  2    3  3    1
  61.46742   61.46800  4.561E-26 3.510E-26    0.76957  5  2  3   5  1  4    3  3    1
  61.86429   61.86500  1.847E-26 1.300E-26    0.70384  2  2  0   2  1  1    3  3    1
  62.47586   62.47600  1.077E-25 9.380E-26    0.87094  2  1  2   1  0  1    3  3    1
  63.27733   63.27700  2.229E-26 1.720E-26    0.77165  4  1  3   4  0  4    3  3    1
  75.30708   75.30700  4.836E-26 5.390E-26    1.11456  4  0  4   3  1  3    3  3    1
  78.02963   78.03000  6.087E-26 5.560E-26    0.91342  3  1  3   2  0  2    3  3    1
  78.22784   78.22800  6.706E-26 4.810E-26    0.71727  2  2  1   2  1  2    3  3    1
  83.39055   83.39000  3.670E-26 5.300E-26    1.44414  5  1  4   4  2  3    3  3    1
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Table 5.2
COMPARISON OF H216O and H218O HITRAN LINE INTENSITIES

V' V" = 1 1
HIT/CAL(MEAN) = 0.00208 ± 0.00027

     161       181       161       181        181/161    ROT’      ROT”     V’ V”
   6.11457    6.78500  7.770E-23 1.900E-25    0.00245  3  1  3   2  2  0    1  1    1
  10.84593   10.75600  9.100E-23 1.700E-25    0.00187  5  1  5   4  2  2    1  1    1
  12.68202   13.02900  8.290E-22 1.700E-24    0.00205  4  1  4   3  2  1    1  1    1
  14.58832   17.79700  4.840E-24 1.460E-26    0.00302  7  5  3   6  6  0    1  1    1
  14.64849   17.35000  7.160E-23 2.040E-25    0.00285  6  4  3   5  5  0    1  1    1
  14.77750   18.01000  1.490E-23 4.500E-26    0.00302  7  5  2   6  6  1    1  1    1
  14.94371   16.31300  8.670E-22 2.090E-24    0.00241  4  2  3   3  3  0    1  1    1
  15.70716   18.50800  2.750E-23 7.750E-26    0.00282  6  4  2   5  5  1    1  1    1
  15.83393   17.92400  1.090E-22 2.840E-25    0.00261  5  3  3   4  4  0    1  1    1
  16.29431   17.25100  2.210E-23 4.620E-26    0.00209  6  2  4   7  1  7    1  1    1
  18.57738   18.26800  5.270E-20 1.030E-22    0.00195  1  1  0   1  0  1    1  1    1
  20.70435   23.08500  5.700E-22 1.440E-24    0.00253  5  3  2   4  4  1    1  1    1
  25.08513   24.86100  3.470E-20 6.880E-23    0.00198  2  1  1   2  0  2    1  1    1
  30.22723   28.58100  2.880E-23 4.720E-26    0.00164  9  2  8   8  3  5    1  1    1
  30.56018   32.36400  1.430E-21 3.280E-24    0.00229  4  2  2   3  3  1    1  1    1
  32.36573   33.46500  1.610E-21 3.430E-24    0.00213  5  2  4   4  3  1    1  1    1
  32.95340   33.17900  2.530E-20 5.240E-23    0.00207  2  0  2   1  1  1    1  1    1
  36.60413   36.54600  1.640E-19 3.280E-22    0.00200  3  1  2   3  0  3    1  1    1
  37.13708   36.74800  5.030E-20 9.970E-23    0.00198  1  1  1   0  0  0    1  1    1
  38.24681   39.45400  1.130E-22 2.250E-25    0.00199  7  2  5   8  1  8    1  1    1
  38.46388   39.40800  2.540E-20 5.480E-23    0.00216  3  1  2   2  2  1    1  1    1
  38.63624   40.59000  2.450E-21 5.450E-24    0.00222  6  3  4   5  4  1    1  1    1
  38.79119   37.91600  1.790E-19 3.500E-22    0.00196  3  2  1   3  1  2    1  1    1
  38.96857   42.19500  1.120E-22 2.650E-25    0.00237  8  5  4   7  6  1    1  1    1
  39.10866   41.78100  2.010E-22 4.630E-25    0.00230  7  4  4   6  5  1    1  1    1
  39.72360   43.03600  3.870E-23 9.190E-26    0.00237  8  5  3   7  6  2    1  1    1
  40.28341   39.65500  5.580E-20 1.100E-22    0.00197  4  2  2   4  1  3    1  1    1
  40.56010   44.21500  6.060E-24 1.460E-26    0.00241  9  6  4   8  7  1    1  1    1
  40.69380   44.37800  1.830E-23 4.400E-26    0.00240  9  6  3   8  7  2    1  1    1
  40.98831   39.99400  4.820E-20 9.410E-23    0.00195  2  2  0   2  1  1    1  1    1
  42.63553   45.62400  7.190E-22 1.670E-24    0.00232  7  4  3   6  5  2    1  1    1
  43.24245   42.36500  6.950E-22 1.240E-24    0.00178  8  2  7   7  3  4    1  1    1
  43.62900   41.87400  5.220E-23 9.400E-26    0.00180  8  4  5   9  1  8    1  1    1
  44.09834   44.72300  5.720E-21 1.150E-23    0.00201  6  2  5   5  3  2    1  1    1
  44.85320   42.40100  3.800E-23 6.780E-26    0.00178  7  4  4   8  1  7    1  1    1
  47.05434   46.79800  1.420E-19 2.840E-22    0.00200  5  2  3   5  1  4    1  1    1
  47.86610   46.74600  7.930E-24 1.450E-26    0.00183  9  4  6  10  1  9    1  1    1
  48.05799   47.98800  9.390E-22 1.780E-24    0.00190  7  2  6   6  3  3    1  1    1
  51.43300   54.06500  1.530E-21 3.450E-24    0.00225  6  3  3   5  4  2    1  1    1
  52.51050   49.33800  2.270E-22 4.100E-25    0.00181  6  4  3   7  1  6    1  1    1
  53.24510   48.17100  2.620E-23 4.490E-26    0.00171  8  5  4   9  2  7    1  1    1
  53.44439   53.57100  6.930E-20 1.400E-22    0.00202  4  1  3   4  0  4    1  1    1
  55.40536   54.48700  1.820E-19 3.590E-22    0.00197  2  2  1   2  1  2    1  1    1
  55.70208   55.23300  4.340E-19 8.650E-22    0.00199  2  1  2   1  0  1    1  1    1
  56.48720   55.90600  1.050E-23 1.960E-26    0.00187 10  4  7  11  1 10    1  1    1
  57.17086   55.24500  7.850E-22 1.480E-24    0.00189  4  3  2   5  0  5    1  1    1
  57.26511   57.34900  4.060E-19 8.320E-22    0.00205  3  0  3   2  1  2    1  1    1
  57.27418   55.75000  2.150E-22 4.020E-25    0.00187  5  3  3   6  0  6    1  1    1
  58.77834   57.37300  3.050E-20 6.010E-23    0.00197  6  3  3   6  2  4    1  1    1
  58.91144   60.57300  1.380E-21 2.910E-24    0.00211  7  3  5   6  4  2    1  1    1
  59.86906   60.05800  3.720E-20 7.530E-23    0.00202  6  2  4   6  1  5    1  1    1
  59.94939   59.09700  4.860E-20 9.680E-23    0.00199  7  3  4   7  2  5    1  1    1
  62.30392   60.57000  1.560E-19 3.060E-22    0.00196  5  3  2   5  2  3    1  1    1
  62.70071   63.93000  3.160E-23 6.160E-26    0.00195  8  2  6   9  1  9    1  1    1
  62.73830   61.60400  4.380E-22 8.220E-25    0.00188  6  3  4   7  0  7    1  1    1
  62.87370   65.43300  1.100E-21 2.380E-24    0.00216  8  4  5   7  5  2    1  1    1
  63.16762   60.86100  1.950E-22 3.720E-25    0.00191  3  3  1   4  0  4    1  1    1
  63.33058   66.55600  6.350E-23 1.410E-25    0.00222  9  5  5   8  6  2    1  1    1
  63.50048   60.45700  1.010E-23 1.630E-26    0.00161 12  3 10  11  4  7    1  1    1
  63.99348   65.86700  2.930E-20 6.360E-23    0.00217  5  2  3   4  3  2    1  1    1
  64.02335   63.18800  9.100E-20 1.800E-22    0.00198  3  2  2   3  1  3    1  1    1
  64.38500   68.07500  2.680E-23 6.020E-26    0.00225 10  6  5   9  7  2    1  1    1
  64.88040   68.64600  9.060E-24 2.040E-26    0.00225 10  6  4   9  7  3    1  1    1
  65.68520   69.18300  2.050E-22 4.590E-25    0.00224  9  5  4   8  6  3    1  1    1
  67.20800   63.36600  1.070E-22 2.010E-25    0.00188  5  4  2   6  1  5    1  1    1
  67.24736   67.10600  8.160E-21 1.650E-23    0.00202  8  3  5   8  2  6    1  1    1
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     161       181       161       181        181/161    ROT’      ROT”     V’ V”
  68.06474   66.24400  7.340E-20 1.440E-22    0.00196  4  3  1   4  2  2    1  1    1
  69.19550   70.04800  5.000E-20 1.060E-22    0.00212  4  1  3   3  2  2    1  1    1
  72.12910   75.44800  4.890E-22 1.080E-24    0.00221  8  4  4   7  5  3    1  1    1
  72.18797   71.64100  2.690E-19 5.380E-22    0.00200  3  1  3   2  0  2    1  1    1
  72.63361   71.84900  8.840E-23 1.670E-25    0.00189  7  3  5   8  0  8    1  1    1
  73.26307   71.50900  2.120E-19 4.140E-22    0.00195  3  3  0   3  2  1    1  1    1
  74.11000   74.31400  2.160E-19 4.370E-22    0.00202  5  1  4   5  0  5    1  1    1
  74.87544   76.00500  3.380E-21 6.830E-24    0.00202  8  3  6   7  4  3    1  1    1
  75.52472   74.79200  2.980E-19 5.950E-22    0.00200  4  2  3   4  1  4    1  1    1
  76.73470   70.76900  2.010E-23 3.670E-26    0.00183  7  5  3   8  2  6    1  1    1
  77.32075   75.40200  8.120E-21 1.610E-23    0.00198  9  4  5   9  3  6    1  1    1
  78.19715   78.75800  7.850E-20 1.610E-22    0.00205  7  2  5   7  1  6    1  1    1
  78.30516   77.28300  9.200E-22 1.850E-24    0.00201 10  4  6  10  3  7    1  1    1
  78.61763   76.63800  2.740E-23 4.710E-26    0.00172 11  3  9  10  4  6    1  1    1
  78.91873   77.33800  7.880E-20 1.550E-22    0.00197  3  3  1   3  2  2    1  1    1
  79.77446   79.66500  2.990E-19 6.080E-22    0.00203  4  0  4   3  1  3    1  1    1
  80.99709   81.59900  1.170E-20 2.410E-23    0.00206  9  3  6   9  2  7    1  1    1
  81.61840   79.11200  7.400E-21 1.460E-23    0.00197  8  4  4   8  3  5    1  1    1
  82.15637   80.67100  2.860E-19 5.650E-22    0.00198  4  3  2   4  2  3    1  1    1

V' V" = 2 2
HIT/CAL(MEAN)=    0.00209+   0.00008
     161       181       161       181        181/161    ROT’      ROT”     V’ V”
  21.94880   21.59000  3.020E-23 6.150E-26    0.00204  1  1  0   1  0  1    2  2    1
  28.68180   28.39900  1.910E-23 3.920E-26    0.00205  2  1  1   2  0  2    2  2    1
  30.00110   30.27300  8.250E-24 1.780E-26    0.00216  2  0  2   1  1  1    2  2    1
  30.10630   31.17600  5.770E-24 1.320E-26    0.00229  3  1  2   2  2  1    2  2    1
  40.22200   39.78500  2.420E-23 4.990E-26    0.00206  1  1  1   0  0  0    2  2    1
  40.51520   40.38000  8.740E-23 1.810E-25    0.00207  3  1  2   3  0  3    2  2    1
  46.92370   45.89200  1.000E-22 2.040E-25    0.00204  3  2  1   3  1  2    2  2    1
  47.42800   46.62400  3.040E-23 6.220E-26    0.00205  4  2  2   4  1  3    2  2    1
  49.15230   51.22000  6.010E-24 1.390E-26    0.00231  5  2  3   4  3  2    2  2    1
  49.83980   48.70700  2.730E-23 5.540E-26    0.00203  2  2  0   2  1  1    2  2    1
  53.10320   52.64200  7.390E-23 1.530E-25    0.00207  5  2  3   5  1  4    2  2    1
  54.83520   54.98000  1.470E-22 3.130E-25    0.00213  3  0  3   2  1  2    2  2    1
  58.02300   58.06600  3.620E-23 7.530E-26    0.00208  4  1  3   4  0  4    2  2    1
  58.50340   57.99100  1.970E-22 4.070E-25    0.00207  2  1  2   1  0  1    2  2    1
  61.68550   62.67800  1.440E-23 3.190E-26    0.00222  4  1  3   3  2  2    2  2    1
  64.92730   64.90200  1.840E-23 3.850E-26    0.00209  6  2  4   6  1  5    2  2    1
  65.24410   64.18400  1.010E-22 2.060E-25    0.00204  2  2  1   2  1  2    2  2    1
  70.28170   69.01300  2.480E-23 5.090E-26    0.00205  7  3  4   7  2  5    2  2    1
  71.39900   69.64800  1.620E-23 3.300E-26    0.00204  6  3  3   6  2  4    2  2    1
  74.30360   73.31400  4.980E-23 1.020E-25    0.00205  3  2  2   3  1  3    2  2    1
  74.51420   73.92700  1.170E-22 2.430E-25    0.00208  3  1  3   2  0  2    2  2    1
  76.52590   74.52800  8.410E-23 1.710E-25    0.00203  5  3  2   5  2  3    2  2    1
  77.96610   77.92600  1.130E-22 2.400E-25    0.00212  4  0  4   3  1  3    2  2    1
  80.09660   80.25600  1.110E-22 2.330E-25    0.00210  5  1  4   5  0  5    2  2    1
  82.86320   83.26700  3.770E-23 7.930E-26    0.00210  7  2  5   7  1  6    2  2    1
  83.01520   80.98900  3.950E-23 8.020E-26    0.00203  4  3  1   4  2  2    2  2    1
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Table 5.3
COMPARISON OF H216O CALC and H218O HITRAN LINE

INTENSITIES

V' V" = 1 1
HIT/CAL(MEAN)=    0.00209+   0.00027

     161       181       161       181        181/161    ROT’      ROT”     V’ V”
   6.11457    6.78500  7.785E-23 1.900E-25    0.00244  3  1  3   2  2  0    1  1    1
  10.84594   10.75600  9.105E-23 1.700E-25    0.00187  5  1  5   4  2  2    1  1    1
  12.68202   13.02900  8.304E-22 1.700E-24    0.00205  4  1  4   3  2  1    1  1    1
  14.58831   17.79700  4.817E-24 1.460E-26    0.00303  7  5  3   6  6  0    1  1    1
  14.64850   17.35000  7.145E-23 2.040E-25    0.00286  6  4  3   5  5  0    1  1    1
  14.77750   18.01000  1.483E-23 4.500E-26    0.00303  7  5  2   6  6  1    1  1    1
  14.94371   16.31300  8.679E-22 2.090E-24    0.00241  4  2  3   3  3  0    1  1    1
  15.70717   18.50800  2.740E-23 7.750E-26    0.00283  6  4  2   5  5  1    1  1    1
  15.83393   17.92400  1.094E-22 2.840E-25    0.00260  5  3  3   4  4  0    1  1    1
  16.29430   17.25100  2.216E-23 4.620E-26    0.00208  6  2  4   7  1  7    1  1    1
  18.57738   18.26800  5.285E-20 1.030E-22    0.00195  1  1  0   1  0  1    1  1    1
  20.70436   23.08500  5.694E-22 1.440E-24    0.00253  5  3  2   4  4  1    1  1    1
  25.08512   24.86100  3.483E-20 6.880E-23    0.00198  2  1  1   2  0  2    1  1    1
  30.22778   28.58100  2.855E-23 4.720E-26    0.00165  9  2  8   8  3  5    1  1    1
  30.56019   32.36400  1.433E-21 3.280E-24    0.00229  4  2  2   3  3  1    1  1    1
  32.36623   33.46500  1.609E-21 3.430E-24    0.00213  5  2  4   4  3  1    1  1    1
  32.95369   33.17900  2.532E-20 5.240E-23    0.00207  2  0  2   1  1  1    1  1    1
  36.60415   36.54600  1.645E-19 3.280E-22    0.00199  3  1  2   3  0  3    1  1    1
  37.13712   36.74800  5.042E-20 9.970E-23    0.00198  1  1  1   0  0  0    1  1    1
  38.24717   39.45400  1.135E-22 2.250E-25    0.00198  7  2  5   8  1  8    1  1    1
  38.46417   39.40800  2.543E-20 5.480E-23    0.00215  3  1  2   2  2  1    1  1    1
  38.63753   40.59000  2.440E-21 5.450E-24    0.00223  6  3  4   5  4  1    1  1    1
  38.79056   37.91600  1.793E-19 3.500E-22    0.00195  3  2  1   3  1  2    1  1    1
  38.97225   42.19500  1.107E-22 2.650E-25    0.00239  8  5  4   7  6  1    1  1    1
  39.11126   41.78100  1.995E-22 4.630E-25    0.00232  7  4  4   6  5  1    1  1    1
  39.72178   43.03600  3.832E-23 9.190E-26    0.00240  8  5  3   7  6  2    1  1    1
  40.28249   39.65500  5.585E-20 1.100E-22    0.00197  4  2  2   4  1  3    1  1    1
  40.55476   44.21500  5.976E-24 1.460E-26    0.00244  9  6  4   8  7  1    1  1    1
  40.69295   44.37800  1.805E-23 4.400E-26    0.00244  9  6  3   8  7  2    1  1    1
  40.98798   39.99400  4.835E-20 9.410E-23    0.00195  2  2  0   2  1  1    1  1    1
  42.63837   45.62400  7.142E-22 1.670E-24    0.00234  7  4  3   6  5  2    1  1    1
  43.24363   42.36500  6.896E-22 1.240E-24    0.00180  8  2  7   7  3  4    1  1    1
  43.62896   41.87400  5.236E-23 9.400E-26    0.00180  8  4  5   9  1  8    1  1    1
  44.09934   44.72300  5.696E-21 1.150E-23    0.00202  6  2  5   5  3  2    1  1    1
  44.85357   42.40100  3.814E-23 6.780E-26    0.00178  7  4  4   8  1  7    1  1    1
  47.05315   46.79800  1.420E-19 2.840E-22    0.00200  5  2  3   5  1  4    1  1    1
  47.86674   46.74600  7.954E-24 1.450E-26    0.00182  9  4  6  10  1  9    1  1    1
  48.05931   47.98800  9.332E-22 1.780E-24    0.00191  7  2  6   6  3  3    1  1    1
  51.43449   54.06500  1.527E-21 3.450E-24    0.00226  6  3  3   5  4  2    1  1    1
  52.51073   49.33800  2.281E-22 4.100E-25    0.00180  6  4  3   7  1  6    1  1    1
  53.24526   48.17100  2.626E-23 4.490E-26    0.00171  8  5  4   9  2  7    1  1    1
  53.44428   53.57100  6.938E-20 1.400E-22    0.00202  4  1  3   4  0  4    1  1    1
  55.40525   54.48700  1.830E-19 3.590E-22    0.00196  2  2  1   2  1  2    1  1    1
  55.70203   55.23300  4.349E-19 8.650E-22    0.00199  2  1  2   1  0  1    1  1    1
  56.48808   55.90600  1.055E-23 1.960E-26    0.00186 10  4  7  11  1 10    1  1    1
  57.16898   55.24500  7.917E-22 1.480E-24    0.00187  4  3  2   5  0  5    1  1    1
  57.26527   57.34900  4.060E-19 8.320E-22    0.00205  3  0  3   2  1  2    1  1    1
  57.27151   55.75000  2.166E-22 4.020E-25    0.00186  5  3  3   6  0  6    1  1    1
  58.77542   57.37300  3.043E-20 6.010E-23    0.00198  6  3  3   6  2  4    1  1    1
  58.91405   60.57300  1.369E-21 2.910E-24    0.00213  7  3  5   6  4  2    1  1    1
  59.86771   60.05800  3.706E-20 7.530E-23    0.00203  6  2  4   6  1  5    1  1    1
  59.94677   59.09700  4.831E-20 9.680E-23    0.00200  7  3  4   7  2  5    1  1    1
  62.30139   60.57000  1.561E-19 3.060E-22    0.00196  5  3  2   5  2  3    1  1    1
  62.70171   63.93000  3.188E-23 6.160E-26    0.00193  8  2  6   9  1  9    1  1    1
  62.73515   61.60400  4.420E-22 8.220E-25    0.00186  6  3  4   7  0  7    1  1    1
  62.87310   65.43300  1.083E-21 2.380E-24    0.00220  8  4  5   7  5  2    1  1    1
  63.16658   60.86100  1.962E-22 3.720E-25    0.00190  3  3  1   4  0  4    1  1    1
  63.33890   66.55600  6.260E-23 1.410E-25    0.00225  9  5  5   8  6  2    1  1    1
  63.49870   60.45700  9.805E-24 1.630E-26    0.00166 12  3 10  11  4  7    1  1    1
  63.99378   65.86700  2.917E-20 6.360E-23    0.00218  5  2  3   4  3  2    1  1    1
  64.02294   63.18800  9.125E-20 1.800E-22    0.00197  3  2  2   3  1  3    1  1    1
  64.38507   68.07500  2.625E-23 6.020E-26    0.00229 10  6  5   9  7  2    1  1    1
  64.87855   68.64600  8.884E-24 2.040E-26    0.00230 10  6  4   9  7  3    1  1    1
  65.68593   69.18300  2.021E-22 4.590E-25    0.00227  9  5  4   8  6  3    1  1    1
  67.20865   63.36600  1.082E-22 2.010E-25    0.00186  5  4  2   6  1  5    1  1    1
  67.24595   67.10600  8.094E-21 1.650E-23    0.00204  8  3  5   8  2  6    1  1    1
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     161       181       161       181        181/161    ROT’      ROT”     V’ V”
  68.06299   66.24400  7.353E-20 1.440E-22    0.00196  4  3  1   4  2  2    1  1    1
  69.19562   70.04800  4.994E-20 1.060E-22    0.00212  4  1  3   3  2  2    1  1    1
  72.12892   75.44800  4.836E-22 1.080E-24    0.00223  8  4  4   7  5  3    1  1    1
  72.18767   71.64100  2.689E-19 5.380E-22    0.00200  3  1  3   2  0  2    1  1    1
  72.63057   71.84900  8.939E-23 1.670E-25    0.00187  7  3  5   8  0  8    1  1    1
  73.26221   71.50900  2.123E-19 4.140E-22    0.00195  3  3  0   3  2  1    1  1    1
  74.10962   74.31400  2.155E-19 4.370E-22    0.00203  5  1  4   5  0  5    1  1    1
  74.87884   76.00500  3.345E-21 6.830E-24    0.00204  8  3  6   7  4  3    1  1    1
  75.52390   74.79200  2.989E-19 5.950E-22    0.00199  4  2  3   4  1  4    1  1    1
  76.73495   70.76900  2.026E-23 3.670E-26    0.00181  7  5  3   8  2  6    1  1    1
  77.31623   75.40200  8.026E-21 1.610E-23    0.00201  9  4  5   9  3  6    1  1    1
  78.19577   78.75800  7.810E-20 1.610E-22    0.00206  7  2  5   7  1  6    1  1    1
  78.30357   77.28300  9.059E-22 1.850E-24    0.00204 10  4  6  10  3  7    1  1    1
  78.61556   76.63800  2.674E-23 4.710E-26    0.00176 11  3  9  10  4  6    1  1    1
  78.91792   77.33800  7.905E-20 1.550E-22    0.00196  3  3  1   3  2  2    1  1    1
  79.77428   79.66500  2.981E-19 6.080E-22    0.00204  4  0  4   3  1  3    1  1    1
  80.99762   81.59900  1.156E-20 2.410E-23    0.00208  9  3  6   9  2  7    1  1    1
  81.61791   79.11200  7.345E-21 1.460E-23    0.00199  8  4  4   8  3  5    1  1    1
  82.15461   80.67100  2.864E-19 5.650E-22    0.00197  4  3  2   4  2  3    1  1    1

V' V" = 2 2
HIT/CAL(MEAN)=    0.00210+   0.00007

     161       181       161       181        181/161    ROT’      ROT”     V’ V”
  21.94872   21.59000  3.027E-23 6.150E-26    0.00203  1  1  0   1  0  1    2  2    1
  28.68537   28.39900  1.912E-23 3.920E-26    0.00205  2  1  1   2  0  2    2  2    1
  29.99752   30.27300  8.265E-24 1.780E-26    0.00215  2  0  2   1  1  1    2  2    1
  30.10787   31.17600  5.786E-24 1.320E-26    0.00228  3  1  2   2  2  1    2  2    1
  40.22079   39.78500  2.429E-23 4.990E-26    0.00205  1  1  1   0  0  0    2  2    1
  40.51678   40.38000  8.720E-23 1.810E-25    0.00208  3  1  2   3  0  3    2  2    1
  46.92164   45.89200  1.004E-22 2.040E-25    0.00203  3  2  1   3  1  2    2  2    1
  47.43140   46.62400  3.034E-23 6.220E-26    0.00205  4  2  2   4  1  3    2  2    1
  49.15302   51.22000  6.016E-24 1.390E-26    0.00231  5  2  3   4  3  2    2  2    1
  49.83637   48.70700  2.731E-23 5.540E-26    0.00203  2  2  0   2  1  1    2  2    1
  53.10567   52.64200  7.341E-23 1.530E-25    0.00208  5  2  3   5  1  4    2  2    1
  54.83528   54.98000  1.465E-22 3.130E-25    0.00214  3  0  3   2  1  2    2  2    1
  58.01854   58.06600  3.602E-23 7.530E-26    0.00209  4  1  3   4  0  4    2  2    1
  58.50432   57.99100  1.972E-22 4.070E-25    0.00206  2  1  2   1  0  1    2  2    1
  61.68216   62.67800  1.442E-23 3.190E-26    0.00221  4  1  3   3  2  2    2  2    1
  64.92690   64.90200  1.825E-23 3.850E-26    0.00211  6  2  4   6  1  5    2  2    1
  65.24420   64.18400  1.012E-22 2.060E-25    0.00204  2  2  1   2  1  2    2  2    1
  70.28273   69.01300  2.444E-23 5.090E-26    0.00208  7  3  4   7  2  5    2  2    1
  71.39899   69.64800  1.605E-23 3.300E-26    0.00206  6  3  3   6  2  4    2  2    1
  74.30389   73.31400  4.973E-23 1.020E-25    0.00205  3  2  2   3  1  3    2  2    1
  74.51912   73.92700  1.169E-22 2.430E-25    0.00208  3  1  3   2  0  2    2  2    1
  76.52561   74.52800  8.370E-23 1.710E-25    0.00204  5  3  2   5  2  3    2  2    1
  77.96752   77.92600  1.132E-22 2.400E-25    0.00212  4  0  4   3  1  3    2  2    1
  80.09649   80.25600  1.105E-22 2.330E-25    0.00211  5  1  4   5  0  5    2  2    1
  82.86234   83.26700  3.708E-23 7.930E-26    0.00214  7  2  5   7  1  6    2  2    1
  83.01592   80.98900  3.940E-23 8.020E-26    0.00204  4  3  1   4  2  2    2  2    1
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5.3. Modeling of ozone spectra: line positions and intensities

The ozone line intensities quoted in HITRAN for the pure rotation lines are derived from the
calculations of Flaud et al. [FLAU90a]. They are based on an expansion of the dipole moment
up to the second order with respect to rotational operators (See Table 8 of ref. [FLAU90]).
Since that time the main changes have concerned a likely better evaluation [CLAV01,
BACK01, WAGN02, FLAU03a] of the first derivatives of the dipole moment (coefficients
amm of Table 8). The Table below gives the new values of these coefficients as well as the
previous ones.

Coefficient New value
[CLAV01, BACK01, WAGN02,

FLAU03a]

Previous value [FLAU90a] Change(%)

xm1 -0.02150 -0.02185 -1.6
xm2 -0.6483 -0.06529 -0.7
zm3 -0.2630 -0.2662 -1.2

 Such changes ( of the order of 1%) translate in analogous changes in the correcting
rotational terms appearing in the expansion of the effective dipole moment in the ground state
( Table 8 of ref. [FLAU90a]). Given the order of magnitude of these terms, assuming
maximum values of 80-100 for the rotational quantum numbers J or Ka leads to a change
smaller than 10-3 in the line intensities and this for the weakest lines. As a consequence one
can say that the intensities quoted in HITRAN are the best which could be calculated. To
improve upon them it would be necessary to perform Stark measurements in the vibrationally
excited states in order to improve the knowledge of the second derivatives of the permanent
dipole moment with respect to normal coordinates.

5.4. Line positions and intensities for nitric acid (HNO3)

The first vibrational states of nitric acid are located at a rather low energy. Therefore the
MASTER database involves transitions within the n9, n7 , n6, n8, n5, and 2n9, vibrational states
(hereafter referred as "hot" transitions) in addition with those within the ground vibrational
state (here after referred as "cold transitions").
It was underlined in the “literature review” (see chapter 1) that the present version of the JPL
catalog does not account correctly of the most recent line measurements which were
performed for the n9Ûn9 , n 5Ûn5  and 2n9Û2n9 “hot bands”: this is because the “large
amplitude” torsional effect was not accounted for correctly.
In addition the overall line intensities are incorrect in the JPL catalog. Actually, the line
intensities (in cm-1/(molecule cm-2) for a given rotation transition is given by the following
expression:

† 

ks
N =

8p 3s

3hc4pe0

exp -
EA

kT
Ê 

Ë 
Á 

ˆ 

¯ 
˜ - exp -

EB

kT
Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

1
Z(T)

j ' m0 j"
2
, (5.1)

where <f'|µ0|f"> is the element of matrix of the HNO3 permanent dipole moment m0, and Z(T)
is the partition function calculated at the temperature T.
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where <f'|µ0|f"> is the element of matrix of the HNO3 permanent dipole moment m0, and Z(T)
is the partition function calculated at the temperature T.
For nitric acid, the m0 permanent dipole moment which is used in the JPL catalog is known
with a good accuracy by Stark effect measurements [KLEI87, COX65].
For the HNO3 partition function it is necessary to account (as usual) both of a vibrational and
a rotational contribution. More explicitly one has:

ZTot(T) = Zrot(T)⋅Zvib(T) (5.2)
where:

† 

Zrot (T) = (2J +1) . exp-E[J ,Ka,Kc ] / kT

[J ,Ka,Kc ]
Â (5.3)

and

† 

Zvib(T) = 1- e-Evib / kT( )
-dvib

vib
’ (5.4)

In Eq.(5.4) dvib is the degeneracy associated to the considered vibrational state.
The JPL catalog only accounts for the rotational contribution, and this is shown in Table 5.4
which compares the HNO3 partition functions quoted in the JPL catalog and in the HITRAN
database.

TABLE 5.4. Comparison of the partition function for nitric acid calculated in this work and in
the HITRAN and JPL databases. For the present calculation, the vibrational and rotational

contributions are given.
Temp ZRot ZVib ZTot Z(JPL) Z(HITRAN)

9.375 155.809 1.00000 155.809 155.9
18.75 438.353 1.00000 438.353 438.3

37.5 1236.65 1.00000 1236.65 1236.8
75 3493.79 1.00017 3494.39 3493.8 3496.2

150 9879.18 1.01933 10070.2 9878.7 10080.0
225 18151.0 1.11344 20210.1 18151.0 20244.7

273.2 24268.9 1.22834 29810.5 29857.6
296 27363.6 1.29952 35559.6 35687.8
300 27917.4 1.31316 36660.1 27938.3 36797.9

Since, the vibrational part of the partition function contributes for about 30% at T = 296 K
(ZVIB(296 K) = 1.29952) all HNO3 lines present in the JPL catalog are quoted with intensities
which are systematically stronger by 30%. Since this error is rather important, we decided to
perform a new calculation for all HNO3 transitions ("cold" and "hot" transitions). The results
of these computations were included in the MASTER database at an early stage of this study.
To illustrate the results obtained in this study, Table 5.5 compares the line positions and
intensities achieved in this study to those available in the JPL catalog for some lines of the
“cold” band in the 194 GHz spectral region. It is clear that the atmospheric concentration of
HNO3 achieved by MASTER will be significantly different when using the present database
than when using only the JPL catalog.
Another comparison is performed in Table 5.6 and 5.7 for the n9-n9 “hot” band of HNO3 in
the 343799-343835 MHz region. In this case the line positions are significantly different in
the present study as compared to JPL because the torsional splitting was accounted for
correctly. The JPL linelist involves 8 transitions, but for symmetry reasons, only 4 transitions
(instead of 8) are actually existing [PAUL96].
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TABLE 5.5. Comparison (this work versus JPL) of the line positions and intensities for the
v = 0 band of HNO3 in the 294 GHz spectral range.

This Work JPL

Sigma Int. Sigma Int. J' K'a K'c J" Ka" Kc"
294198.254 2.78E-22 294198.2378 3.61E-22 23 0 23 22 0 22
294198.254 2.78E-22 294198.2378 3.61E-22 23 1 23 22 1 22
294198.254 5.47E-23 294198.2378 7.10E-23 23 0 23 22 1 22
294198.254 5.47E-23 294198.2378 7.10E-23 23 1 23 22 0 22
294206.590 3.26E-23 294206.6217 4.23E-23 30 8 23 30 6 24
294206.590 3.26E-23 294206.6217 4.23E-23 30 7 23 30 7 24
294206.590 7.63E-24 294206.6217 9.91E-24 30 7 23 30 6 24
294206.590 7.63E-24 294206.6217 9.91E-24 30 8 23 30 7 24
294231.138 2.56E-22 294231.1241 3.32E-22 22 1 21 21 1 20
294231.138 2.56E-22 294231.1241 3.32E-22 22 2 21 21 2 20
294231.138 4.99E-23 294231.1241 6.48E-23 22 1 21 21 2 20
294231.138 4.99E-23 294231.1241 6.48E-23 22 2 21 21 1 20

TABLE 5.6. list of the observed [PAUL96] and calculated (this work) frequencies for
the HNO3 n9-n9 transitions in the 343.7-343.9 GHz region

Sigma
Calc

Sigma
Obs[PAUL96]

Int x10+23 J' K'a K'c J" Ka" Kc"

343826.056 343826.189 1.46 18 9 9 17 10 8
343827.074 343827.162 0.741 18 10 9 17 10 8
343831.164 343831.089 0.741 18 9 9 17 9 8
343832.182 343832.219 1.46 18 10 9 17 9 8

TABLE 5.7. Portion of the C063003.cat JPL line list (HNO3 n9-n9 transitions)
(the 343.7-343.9 GHz region) . The transitions with an X do not exist.
Sigma

JPL
Int x10+23

JPL
J' K'a K'c t' J" Ka" Kc" t"

343823.7959 0.19 18 9 9 1 17 10 8 0
343826.1411 1.25 18 10 9 0 17 10 8 0
343826.1468 X 1.25 18 10 9 1 17 10 8 1
343826.9947 X 0.19 18 9 9 0 17 10 8 1
343831.3791 0.19 18 10 9 1 17 9 8 0
343832.2270 1.25 18 9 9 0 17 9 8 0
343832.2326 X 1.25 18 9 9 1 17 9 8 1
343834.5778 X 0.19 18 10 9 0 17 9 8 1

5.5. Pressure broadened linewidths for nitric acid (HNO3)

5.5.1 INTRODUCTION

The purpose of the present report is to generate pressure broadening linewidths parameters for
HNO3. Although the HNO3 self-broadening coefficient is rather large (between 27 and
35 MHz/Torr), this effect may be neglected for MASTER because of the low concentration of
HNO3 in the atmosphere. On the other hand it is necessary to model the air broadening
correctly.
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The only existing line widths calculations for HNO3 were performed more than twenty years
ago by Tejwani and Young [TEJW78]. These data cannot be used because the calculations
performed within the Anderson "classical" theory are not very accurate. The best solution
would be to perform a new systematic calculation of the air - broadening parameters but it is
completely unrealistic for HNO3 within the present contract. Such calculations would need
more than two years of work (writing of the code, validation of the results with suitable
experimental data, etc...). For this reason, an empirical model was settled up which is
presented in the next paragraph.
There exists few line broadening measurements for HNO3 in the literature. The most accurate
were performed in the microwave or submillimeter spectral region [GOYE88b, GOYE91,
GOYE98, ZU02], since these measurements were performed for well isolated lines.
Depending on the rotational transition, the nitrogen- and oxygen- broadening coefficients are
in the range between gN2 = 4.17 MHz/Torr and 4.88 MHz/Torr and between gO2 = 2.31
MHz/Torr and 2.96 MHz/Torr respectively. The only n-temperature dependence obtained is
nN2 = 0.64 to 0.74 and nO2 = 0.67 to 0.84 for N2 and O2 respectively [GOYE91, GOYE98].
In order to complete these studies, air -broadening measurements were performed in Lille and
Bologne [WP 401] within the scope of the present contract.

Table 5.8 gives a list of air broadening halfwidths for various pure rotational transitions in the
microwave or millimeter region: these gair are issued from measurements described in the
literature or performed recently in Bologna or Lille within the course of the present contract
[WP401]. In order to facilitate the comparison, the values of gair are quoted in Table 5.8 for a

reference temperature of 296 K, and some of the gair were derived from the N2- and O2-
broadening parameters through the classical approach:

gair(296 K)=0.79gN2(296 K) + 0.21gO2(296 K). (5.5)

In Eq.(5.5) the N2- and O2- broadening halfwidths at 296 K were deduced from measurements
of gN2(T)  and gO2(T) performed at different temperatures using the usual nN2- and nO2-

temperature dependence of the halfwidths:

† 

gN2
(T) = gN2
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T
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nN2

(5.6)

From Table 5.8, it is clear that there exists a rather clear rotational dependence of the
linewidths which need to be modeled.

5.5.2 AIR BROADENING PARAMETERS

As it was stated in the Chapter 1, the HNO3 linelist for MASTER involves a large set of
rotational transitions involving an extended set of rotational transitions. We decided to use an
empirical model which is discussed in appendix III. The proposed model is:
For low and medium J" values:

† 

g air = aair + bair ( ¢ J + ¢ ¢ J ) /2 (5.7)

For high J" values (

† 

¢ J + ¢ ¢ J ( ) /2 > JMAX ):

† 

g air = cair = constant (5.8)
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This model is presented in Figure 5.1. In order to determine the aair, bair and JMax, a least
squares fit calculation was performed on the experimental data quoted in Table 5.8. The
results of this computation are (in MHz/Torr for aair and bair):

JMAX = 34.402 ± 5, aair = 5.04875 ± 0.20, and bair = –0.0340645 ± 0.009 (5.9)
(giving cair = 3.88 MHz/Torr)

TABLE 5.8. list of the air- broadening experimental halfwidths used for the empirical
description of the broadening parameters of HNO3. Results of the calculation.

Sigma J’ Ka’ Kc’ J” Ka” Kc” gair gair
Ref.

Obs Calc
231778 14 d 10 13 d 9 4.599 4.589 GOYE88
281782 19 d 16 18 d 15 4.311 4.419 GOYE88
281685 22 d 22 21 d 21 3.909 4.316 GOYE88
444556 26 d 17 25 d 16 4.11 4.180 GOYE88
457042 27 9 18 26 9 17 3.989 4.146 GOYE88
444284 35 d 35 34 d 34 3.851 3.877 GOYE88
456784 36 d 36 35 d 35 3.954 3.877 GOYE88
235168 11 9 3 10 9 2 4.355 4.691 GOYE88
232179 12 6 6 11 6 5 4.93 4.657 GOYE88
284871 13 11 2 12 11 1 4.566 4.623 GOYE88
283003 14 8 6 13 8 5 4.590 4.589 GOYE88
370541 18 12 7 17 12 6 4.428 4.453 GOYE88
453822 20 15 5 19 15 4 3.747 4.384 GOYE88
231627 18 d 18 17 d 17 4.353 4.453 GOYE91
369487 22 d 15 21 d 14 4.229 4.316 GOYE91
369258 29 d 29 28 d 28 3.929 4.078 GOYE91
206595 16 d 16 15 d 15 4.428 4.521 GOYE98
206663 14 d 12 13 2 11 4.752 4.589 GOYE98
206703 13 d 10 12 3 9 4.824 4.623 GOYE98
219037 24 d 17 24 8 16 4.215 4.231 GOYE98
218896 25 d 17 25 9 16 4.343 4.197 GOYE98
218739 26 10 17 26 10 16 4.221 4.163 GOYE98
206765 12 5 8 11 5 7 4.689 4.657 GOYE98
205120 30 14 16 30 14 17 4.198 4.027 GOYE98
686636 32 28 4 31 28 3 3.916 3.976 ZU02
686579 32 28 5 31 28 4 4.337 3.976 ZU02
686157 32 23 10 31 23 9 4.01 3.976 ZU02
684157 31 22 9 30 22 8 4.171 4.010 ZU02
316611 44 19 25 44 18 26 3.832 3.877 Lille
316902 43 19 25 43 17 26 3.82 3.877 Lille
344241 27 d 27 26 d 26 4.182 4.146 Lille + Bologna
470233 24 13 11 23 13 10 4.16 4.248 Lille
544365 38 5 33 37 5 32 3.92 3.877 Lille
206663 14 2 12 13 2 11 4.881 4.589 Lille
319221 25 0 25 24 0 24 4.192 4.214 Bologna
319897 27 2 25 27 1 27 4.282 4.129 Bologna
320005 26 1 25 26 0 26 4.211 4.163 Bologna
322348 15 13 3 14 13 2 4.524 4.555 Bologna

Meaning of the different columns: Sigma, frequency in MHz; J’ Ka’ Kc’ J” Ka” Kc” : upper and lower
rotational quantum numbers; gair observed and calculated air- pressure broadening parameters (in
MHz/Torr at 296 K); Ref: source of the data, Lille and Bologna are for the measurements performed
within this contract.
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They are given in Table 5.8 and in Fig. 5.1. One can see that the results are rather satisfactory.
This figure also shows that the set of experimental measurements performed in Bologna and
Lille was very helpful to validate the model.
Finally, Eqs.(5.7), (5.8) and (5.9) were used to generate the air broadening parameters for the
whole set of HNO3 lines, except for the lines for which these broadening parameters were
measured and in this case we used the measured data instead of the calculated one.
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Figure 5.1. gair in the literature as a function of (J’ + J”)/2. Validation with measurements
performed in Bologna and/or Lille.

5.5.3. TEMPERATURE DEPENDENCE OF THE LINEWIDTHS
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Figure 5.2. Variation of nN2, nO2 and nair as a function of (J’ + J”)/2

There exist rather few measurements of the temperature dependence of the linewidths. These
results are collected in Table 5.9. From these nN2 and n O2 temperature coefficients, we
estimated the nair temperature dependence by using the equation:
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nair=0.79nN2+ 0.21nO2 (5.10)

We tried to estimate the "possible" rotational dependence of the nair parameter, but it is
obvious from Fig. 5.2 that no reasonable behavior can be found which empirically describes
the rotational dependence of the nair parameter. For this reason, the constant value nair = 0.70
was adopted for all the HNO3 lines in MASTER.

5.5.4. CONCLUSION AND UPDATE OF THE MASTER DATABASE

The value gself = 27 MHz/Torr and n = 0.70 was set up for all the lines according to
broadening measurements performed by Goyette et al. and Zu et al. [GOYE88b, GOYE91,
GOYE98, ZU02].
In the present study we update all the gair air-broadening halfwidths for HNO3. Also when
available, we used for gair the experimental data available in the literature or measured at
Bologna and Lille within the course of this contract (see Chapter 4). Finally, for all the other
lines, we used for the gair parameters the empirical approach which is described in Eqs. (5.7-
5.9). The accuracy for the air- broadening halfwiths is estimated to be of 2 to 5% (depending
on the lines) for the 1ines updated with existing experimental data [GOYE88b, GOYE91,
GOYE98, ZU02] or performed at Bologna and Lille (see Chapter 4) and of ~10% for lines for
which the empirical description described in Eqs. (5.7 - 5.9) was used. Finally for n, the
estimated uncertainty is around 15%.

TABLE 5.9. List of the measured temperature dependence of the N2- and O2- pressure
halfwidths for nitric acid.

n J’ Ka’ Kc’ J” Ka” Kc” nN2 nO2 nair Ref
231627 18 0 18 17 0 17 0.64 0.69 0.65 GOYE91
369487 22 7 15 21 7 14 0.74 0.84 0.76 GOYE91
369258 29 0 29 28 0 28 0.67 0.67 0.67 GOYE91
206595 16 0 16 15 0 15 0.69 0.75 0.70 GOYE98
206663 14 2 12 13 2 11 0.57 0.76 0.61 GOYE98
206703 13 3 10 12 3 9 0.65 0.75 0.67 GOYE98
219037 24 8 17 24 8 16 0.88 0.86 0.88 GOYE98
218896 25 9 17 25 9 16 0.73 0.73 0.73 GOYE98
218739 26 10 17 26 10 16 0.85 0.85 0.85 GOYE98

Meaning of the different columns: n, frequency in MHz; J’ Ka’ Kc’ J” Ka” Kc” : upper and lower
rotational quantum numbers; nN2 nO2 temperature dependence of the nitrogen and oxygen broadening.
nair calculated using Eq. (5.6); Ref: source of the data.

5.6. Nitrous oxide (N2O)

As it was underlined in the literature review, the line positions quoted in the JPL catalog are
of excellent quality (see [LOVA78] and references therein). On the other hand and as for
nitric acid significant problems were pointed out for the line intensities which are quoted in
the JPL database.

5.6.1. LINE INTENSITIES

The line intensities which are quoted in the JPL database used the dipole moment obtained by
Stark effect [SCHA70]. This measurement of the N2O permanent dipole moment is, to our
opinion, of good accuracy. On the other hand and as for nitric acid, the partition function used
for the calculation of the N2O line intensities in the JPL catalog involves only the rotational

173



part of the partition function, where (as usual) both a vibrational and a rotational contribution
should be considered, see Eqs. (5.1 to 5.4). To underline this problem, we computed the total
partition function for N2O at different temperatures, and the agreement with HITRAN was
excellent. On the other hand, and as for HNO3, it is clear from Table 5.10 that only the
rotational contribution was accounted for during the JPL calculation of the partition function.
Therefore, it is clear that the line intensities in the JPL catalog are rather suspicious. To solve
this problem, we perform a new intensity calculation. Our new calculation using the “correct”
partition function and the dipole moment quoted in Ref. [SCHA70] leads to line intensities
which are ~13% weaker than those in the JPL catalog. The reasons for this disagreement are
very clear as far as the JPL catalog is concerned: since the vibrational contribution to the N2O
partition function was not accounted for (ZVib(300 K) = 1.1340), the intensities in the JPL
catalog are overestimated of ~13%.
On the other hand, these intensity are also about ~7% weaker than those present in HITRAN.
The reason for this disagreement is not very clear. According to the recent version of
HITRAN (since “HITRAN-98”) [ROTH98], the linelist present for the pure rotation band of
N2O is issued from a calculation performed at the Smithsonian Laboratory for the SAO
database [CHAN94a]. However, when looking to the SAO paper [CHAN94a] it appears that
the pure rotation band for N2O is coming for a compilation which was performed for the 92’s
version of HITRAN [ROTH92]. Finally, when looking to the reference describing HITRAN-
92, [ROTH92] there exists no mention for N2O indicating clearly that the N2O linelist was not
updated at that time. Therefore we can conclude that there is no clear indication on the origin
of the N2O linelist present for the pure rotation band in HITRAN.
According to these conclusions, we decided to perform an update of the N2O parameters for
the MASTER database. The present linelist involves lines belonging to 14N14N16O and to the
two minor species, 14N15N16O and 15N14N16O. For these molecules we used the line positions
quoted in the JPL database for the transitions within the ground vibrational state and for the
first two hot bands. For the N2O lines belonging to the higher hot bands we used the HITRAN
line positions because such transitions are absent in the JPL database. For the vibrational
coding we used as for HITRAN the "1 1", "2 2", "3 3", "4 4" and "5 5" notation for the (0 00

0) ´ (0 00 0),  (0 11 0) ´ (0 11 0),  (0 20 0) ´ (0 20 0)  (0 22 0) ´ (0 22 0) and (1 00 0) ´ (1 00

0)  vibrational transitions, respectively.
The intensities computed in the present study were used for the generation of the updated
version of the MASTER database.

TABLE 5.10. Comparison of the partition function for nitrous oxide in the HITRAN and JPL
databases. From the present calculation, the vibrational is not accounted for in the JPL

database.
T ZHITRAN(T) ZJPL(T) ZVIB(T) ZVIB(T)* ZJPL(T)
75 124.91 124.74 1.0000 124.74

150 250.93 249.17 1.0072 250.96
225 392.13 373.59 1.0489 391.86
300 563.62 497.97 1.1340 564.70
296 553.46 1.1284
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5.7. Partition function for BrO

5.7.1. INTRODUCTION

The 2003 HITRAN database provides improved partition functions calculated in the 70-
3000 K temperature range for the various molecules of interest for HITRAN. The recent
update of the partition functions in HITRAN results from computations performed by Fischer
et al. [FISC03]. For each molecule, the partition function are generated with a 25 K step size using the
best parameters available in the literature for the target molecule. For a temperature between two
points of the calculation, the partition function is generated using a Lagrange interpolation program.
To our knowledge, and except for BrO, all the molecules of interest for MASTER were
considered in this HITRAN calculation, and this new calculation proved to be satisfactory.
The purpose of the present study is to generate for the MASTER applications, partition
functions for the BrO molecule in the 150 K- 320 K temperature range.
The total internal partition sum for a molecule can be written:

† 

Z(T) = exp -En
kT( )

n= all states
Â (5.11)

where n sums over all states of a molecule. In most of the cases, the calculations are
performed assuming that

DEelect >> DEvib >> DErot (5.12)

and that only weak couplings exist between the rotational, vibrational and electronic parts of
the Hamiltonian. In this case, the energy levels are written as:

E(elect, vib, rot)ª Eelect + Evib + Erot (5.13)

and the calculation of Z(T) can be performed under the product of an electronic, vibrational
and rotational contribution to the partition function.

Z(T)= Zelect(T)Zvib(T)Zrot(T) (5.14)

 For low amplitude non degenerate vibrational modes the vibrational energy levels can be
written as :

  

† 

Evib ª ni + 1
2( ) hw i

i
Â  (5.15)

so that the vibrational partition function takes the form:

  

† 

Z vib(T) µ 1- exp - hw i
kT( )( )

-1

i
’  (5.16)

The rotational partition function Zrot(T) takes the following general form:

† 

Zrot (T) = exp - E Rot
n

kT( )
n rotational states

Â = gm exp - E Rot
m

kT( )
m= degenerate states

Â  (5.17)

where n sums over all rotational levels, and m sums only on the degenerate states with gm

being the degeneracy of state m.
This sums clearly becomes incomplete at high temperatures. Therefore, it is necessary to test
the convergence of the calculation for the set of temperatures of interest. This is performed at
each T by computing Zrot(T, Jmax) up to a given maximum value Jmax for the rotational
quantum number J. The convergence is achieved when an asymptotic behavior is observed for
Zrot(T, Jmax) indicating that the energy levels with 

† 

ERot
n >> kT  cease to contribute significantly
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to the sum. In case of slow convergence of the calculation, it may be more appropriate to use
the asymptotic formula as for example those described in Ref. [MCDO88] for linear molecules.
This will however not be the case for BrO in the range of temperature of interest (150- 320 K).

5.7.2. METHOD OF CALCULATION

Two isotopic species 79BrO and 81BrO have to be considered. As it is the case for other
halogen monoxides, BrO has a single vacancy in the pp antibounding orbital. This gives rise
to an inverted doublet P ground electronic state. More explicitly the X1

2P1/2 (with J ≥ 1/2)
doublet component is located at ~970 cm-1 above the lower X1

2P3/2 (with J ≥ 3/2) component.
The vibrational frequencies are w0 = 723.41420 cm-1 and w0 = 721.92715 cm-1 for the 79BrO
and 81BrO secies respectively. To reproduce the rotational energy levels, one has to account
for the various hyperfine effects. More explicitly, because the nuclear spin of 79Br and 81Br is
equal to I = 3/2, each rotational component (with a given J value) is split in general into four
F components corresponding to |F - J| = 3/2 or 1/2. Also it is necessary to account for the L
doubling which is quoted either by either the “±” or the “e” “f” notation in the literature
[AMAN72, BROW72, BUTL84, COHE87]. A recent and very accurate determination of the
BrO line position parameters was performed in [DROU01a@]: these parameters are those
which were used in very recent update performed for BrO in the JPL database.
For BrO the partition function takes the general form:

ZTot(T) = ZVib(T)[Z3/2
Rot(T)+Z1/2

Rot(T)] (5.18)

where Zvib(T) is the vibrational partition function (see Eq.(5.16)) and Z3/2
Rot(T) and Z1/2

Rot(T)
are the individual contribution of the rotational partition function for the 2P3/2 and 2P1/2 spin
components respectively.
One has:

† 

ZRot
3/2 (T) = (2F +1)exp -E J ,F ,±

3/2, Rot

kT( )
±

Â
F
Â

J ≥3 / 2
Â (5.19a)

† 

ZRot
1/2 (T) = (2F +1)exp -E J ,F ,±

1/2, Rot

kT( )
±

Â
F
Â

J ≥1/ 2
Â  (5.19b)

In Eq. (5.19) the summation is performed starting from J ≥ 3/2 and J ≥ 1/2 for 

† 

ZRot
3/2 (T) and

† 

ZRot
1/2 (T), respectively, up to infinite J values (in principle), for F such as |F - J|=3/2 or 1/2, and

for each of the two ± lambda subcomponents. In fact, as it was underlined previously, the
summations performed in Eq.(5.19) can be limited up to J £ JMax only provided that the
asymptotic form for Z3/2

Rot(T, JMax) is already achieved.

 Test of convergence for the rotational partition function: For the 79BrO species, we
performed the calculation of Z3/2

Rot(T, JMax) and Z 1/2
Rot(T, JMax) for three temperatures

(T = 225 K, 300 K and 320 K) for different upper values of JMax. These results which are
presented on Figures 5.3 and 5.4, indicate that an asymptotic behavior is already achieved at
JMax = 85.5 and JMax = 65.5 for the X1

2P3/2 and X1
2P1/2 system, respectively. Similar results

were also obtained for 81BrO.
Final calculations: The final calculation was performed using JMax = 85.5 and JMax = 65.5 for
the X1

2P3/2 and X1
2P1/2 system, respectively for the upper limits for J. This calculation was

performed using the rotational levels for X1
2P3/2 and X1

2P1/2 which are quoted in the JPL
catalog. The results of the calculations are presented in Tables 5.11 and 5.12 for the 79BrO and
81BrO isotopic species respectively. In these Tables are quoted the results achieved for
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Z3/2
Rot(T), Z1/2

Rot(T) and ZVib(T) together with the final result ZTot(T) calculated with
Eq.(5.18).
It is also important to compare the results of the present calculation with those available in the
JPL catalog. This is performed in Tables 5.13 and 5.14 for 79BrO and 81BrO respectively.

Figure 5.3. Test of convergence for 

† 

ZRot
3/2 (T,JMax )  (79BrO).

As it can be seen from Table 5.13 and 5.14, the values achieved in the present work are
always significantly stronger than those achieved in the JPL catalog. The source of this
disagreement is not clear, although one of the (possible) contributions is obviously the neglect
of the vibrational part of the partition function which was not considered in the JPL catalog.
On the other hand, the temperature dependence is approximately the same. One has:

ZJPL(300 K)/ZJPL(150 K) = 2.021
and in this work:

ZTOT(300 K)/ZTOT(150 K )= 2.075

Therefore, we believe that the partition functions that we calculated are realistic and have the
correct temperature behavior.
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Figure 5.4. Test of convergence for 

† 

ZRot
1/2 (T,JMax )  (79BrO).

TABLE 5.11. Partition function for 79BrO

T(K)

† 

ZRot
3/2 (T)

† 

ZRot
1/2 (T) ZVib(T) ZTot(T) T(K)

† 

ZRot
3/2 (T)

† 

ZRot
1/2 (T) ZVib(T) ZTot(T)

150 1965.33 0.184 1.001 1967.42 236 3085.08 8.501 1.0123 3131.63
151 1978.34 0.197 1.001 1980.55 237 3098.1 8.752 1.0125 3145.8
152 1991.36 0.21 1.0011 1993.69 238 3111.13 9.008 1.0128 3159.98
153 2004.38 0.225 1.0011 2006.83 239 3124.15 9.27 1.013 3174.19
154 2017.39 0.24 1.0012 2019.98 240 3137.18 9.538 1.0133 3188.42
155 2030.41 0.256 1.0012 2033.13 241 3150.21 9.811 1.0135 3202.66
156 2043.42 0.273 1.0013 2046.29 242 3163.23 10.089 1.0137 3216.93
157 2056.44 0.291 1.0013 2059.45 243 3176.26 10.374 1.014 3231.21
158 2069.45 0.31 1.0014 2072.62 244 3189.28 10.664 1.0142 3245.52
159 2082.47 0.329 1.0014 2085.79 245 3202.31 10.96 1.0145 3259.85
160 2095.49 0.35 1.0015 2098.98 246 3215.34 11.261 1.0148 3274.2
161 2108.5 0.372 1.0016 2112.16 247 3228.36 11.569 1.015 3288.57
162 2121.52 0.395 1.0016 2125.36 248 3241.39 11.883 1.0153 3302.96
163 2134.54 0.418 1.0017 2138.56 249 3254.42 12.203 1.0155 3317.37
164 2147.55 0.444 1.0018 2151.77 250 3267.44 12.529 1.0158 3331.8
165 2160.57 0.47 1.0018 2164.98 251 3280.47 12.861 1.0161 3346.26
166 2173.59 0.497 1.0019 2178.21 252 3293.5 13.2 1.0163 3360.73
167 2186.6 0.526 1.002 2191.44 253 3306.53 13.545 1.0166 3375.23
168 2199.62 0.556 1.002 2204.67 254 3319.55 13.896 1.0169 3389.75
169 2212.64 0.588 1.0021 2217.92 255 3332.58 14.254 1.0172 3404.29
170 2225.66 0.62 1.0022 2231.17 256 3345.61 14.618 1.0174 3418.86
171 2238.67 0.655 1.0023 2244.43 257 3358.64 14.989 1.0177 3433.45

178



T(K)

† 

ZRot
3/2 (T)

† 

ZRot
1/2 (T) ZVib(T) ZTot(T) T(K)

† 

ZRot
3/2 (T)

† 

ZRot
1/2 (T) ZVib(T) ZTot(T)

172 2251.69 0.69 1.0024 2257.7 258 3371.66 15.366 1.018 3448.06
173 2264.71 0.728 1.0024 2270.97 259 3384.69 15.751 1.0183 3462.69
174 2277.73 0.766 1.0025 2284.26 260 3397.72 16.142 1.0186 3477.35
175 2290.75 0.807 1.0026 2297.55 261 3410.75 16.54 1.0189 3492.03
176 2303.76 0.849 1.0027 2310.86 262 3423.78 16.944 1.0192 3506.73
177 2316.78 0.893 1.0028 2324.17 263 3436.81 17.356 1.0195 3521.46
178 2329.8 0.938 1.0029 2337.49 264 3449.84 17.775 1.0198 3536.21
179 2342.82 0.986 1.003 2350.82 265 3462.86 18.201 1.0201 3550.98
180 2355.84 1.035 1.0031 2364.16 266 3475.89 18.634 1.0204 3565.78
181 2368.86 1.086 1.0032 2377.51 267 3488.92 19.074 1.0207 3580.6
182 2381.88 1.139 1.0033 2390.87 268 3501.95 19.522 1.021 3595.45
183 2394.9 1.195 1.0034 2404.23 269 3514.98 19.976 1.0213 3610.32
184 2407.91 1.252 1.0035 2417.61 270 3528.01 20.439 1.0216 3625.21
185 2420.93 1.311 1.0036 2431 271 3541.04 20.908 1.0219 3640.13
186 2433.95 1.373 1.0037 2444.4 272 3554.07 21.385 1.0223 3655.07
187 2446.97 1.436 1.0038 2457.81 273 3567.1 21.87 1.0226 3670.04
188 2459.99 1.502 1.004 2471.23 274 3580.13 22.363 1.0229 3685.04
189 2473.01 1.571 1.0041 2484.67 275 3593.16 22.863 1.0232 3700.06
190 2486.03 1.641 1.0042 2498.11 276 3606.19 23.371 1.0236 3715.1
191 2499.05 1.714 1.0043 2511.56 277 3619.22 23.886 1.0239 3730.17
192 2512.07 1.79 1.0044 2525.03 278 3632.25 24.41 1.0242 3745.27
193 2525.09 1.868 1.0046 2538.51 279 3645.28 24.941 1.0246 3760.39
194 2538.11 1.949 1.0047 2552 280 3658.31 25.48 1.0249 3775.54
195 2551.13 2.033 1.0048 2565.5 281 3671.34 26.028 1.0252 3790.71
196 2564.15 2.119 1.005 2579.01 282 3684.37 26.583 1.0256 3805.91
197 2577.17 2.208 1.0051 2592.54 283 3697.4 27.147 1.0259 3821.13
198 2590.2 2.3 1.0052 2606.08 284 3710.43 27.719 1.0263 3836.39
199 2603.22 2.394 1.0054 2619.63 285 3723.46 28.299 1.0266 3851.67
200 2616.24 2.492 1.0055 2633.2 286 3736.49 28.887 1.027 3866.97
201 2629.26 2.593 1.0057 2646.77 287 3749.53 29.484 1.0273 3882.3
202 2642.28 2.696 1.0058 2660.36 288 3762.56 30.089 1.0277 3897.66
203 2655.3 2.803 1.006 2673.97 289 3775.59 30.703 1.028 3913.05
204 2668.32 2.913 1.0061 2687.59 290 3788.62 31.325 1.0284 3928.46
205 2681.35 3.027 1.0063 2701.22 291 3801.65 31.956 1.0288 3943.9
206 2694.37 3.143 1.0064 2714.87 292 3814.68 32.595 1.0291 3959.37
207 2707.39 3.263 1.0066 2728.53 293 3827.72 33.244 1.0295 3974.87
208 2720.41 3.387 1.0068 2742.2 294 3840.75 33.9 1.0299 3990.39
209 2733.43 3.514 1.0069 2755.89 295 3853.78 34.566 1.0302 4005.94
210 2746.46 3.645 1.0071 2769.59 296 3866.81 35.241 1.0306 4021.52
211 2759.48 3.779 1.0073 2783.31 297 3879.84 35.924 1.031 4037.13
212 2772.5 3.917 1.0074 2797.05 298 3892.88 36.616 1.0314 4052.77
213 2785.52 4.058 1.0076 2810.8 299 3905.91 37.318 1.0318 4068.43
214 2798.55 4.204 1.0078 2824.56 300 3918.94 38.028 1.0321 4084.13
215 2811.57 4.353 1.008 2838.34 301 3931.98 38.747 1.0325 4099.85
216 2824.59 4.506 1.0081 2852.14 302 3945.01 39.476 1.0329 4115.6
217 2837.61 4.664 1.0083 2865.95 303 3958.04 40.214 1.0333 4131.38
218 2850.64 4.825 1.0085 2879.78 304 3971.08 40.961 1.0337 4147.18
219 2863.66 4.991 1.0087 2893.62 305 3984.11 41.717 1.0341 4163.02
220 2876.68 5.16 1.0089 2907.48 306 3997.14 42.483 1.0345 4178.89
221 2889.71 5.334 1.0091 2921.36 307 4010.18 43.258 1.0349 4194.78
222 2902.73 5.513 1.0093 2935.25 308 4023.21 44.043 1.0353 4210.71
223 2915.76 5.695 1.0095 2949.16 309 4036.24 44.836 1.0357 4226.66
224 2928.78 5.883 1.0097 2963.09 310 4049.28 45.64 1.0361 4242.65
225 2941.8 6.074 1.0099 2977.04 311 4062.31 46.453 1.0365 4258.66
226 2954.83 6.271 1.0101 2991 312 4075.34 47.276 1.0369 4274.71
227 2967.85 6.472 1.0103 3004.98 313 4088.38 48.108 1.0373 4290.78
228 2980.88 6.677 1.0105 3018.98 314 4101.41 48.95 1.0377 4306.89
229 2993.9 6.888 1.0107 3033 315 4114.45 49.802 1.0381 4323.02
230 3006.93 7.103 1.0109 3047.03 316 4127.48 50.664 1.0385 4339.19
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T(K)

† 

ZRot
3/2 (T)

† 

ZRot
1/2 (T) ZVib(T) ZTot(T) T(K)

† 

ZRot
3/2 (T)

† 

ZRot
1/2 (T) ZVib(T) ZTot(T)

231 3019.95 7.323 1.0112 3061.08 317 4140.52 51.535 1.039 4355.38
232 3032.98 7.549 1.0114 3075.16 318 4153.55 52.417 1.0394 4371.61
233 3046 7.779 1.0116 3089.25 319 4166.59 53.308 1.0398 4387.86
234 3059.03 8.014 1.0118 3103.35 320 4179.62 54.209 1.0402 4404.15
235 3072.05 8.255 1.0121 3117.48 321 4192.66 55.121 1.0407 4420.47

TABLE 5.12. Partition function for 81BrO

T(K)

† 

ZRot
3/2 (T)

† 

ZRot
1/2 (T) ZVib(T) ZTot(T) T(K)

† 

ZRot
3/2 (T)

† 

ZRot
1/2 (T) ZVib(T) ZTot(T)

150 1973.4 0.18 1.001 1975.5 236 3097.82 8.53 1.0123 3144.56

151 1986.47 0.2 1.001 1988.69 237 3110.9 8.79 1.0125 3158.79
152 1999.54 0.21 1.0011 2001.88 238 3123.98 9.04 1.0128 3173.04
153 2012.61 0.23 1.0011 2015.08 239 3137.06 9.31 1.013 3187.3

154 2025.68 0.24 1.0012 2028.28 240 3150.14 9.58 1.0133 3201.59
155 2038.75 0.26 1.0012 2041.48 241 3163.22 9.85 1.0135 3215.89
156 2051.82 0.27 1.0013 2054.7 242 3176.3 10.13 1.0137 3230.22
157 2064.89 0.29 1.0013 2067.92 243 3189.38 10.42 1.014 3244.56

158 2077.96 0.31 1.0014 2081.14 244 3202.46 10.71 1.0142 3258.93
159 2091.03 0.33 1.0014 2094.37 245 3215.54 11 1.0145 3273.32
160 2104.1 0.35 1.0015 2107.61 246 3228.62 11.31 1.0148 3287.72

161 2117.17 0.37 1.0016 2120.85 247 3241.7 11.62 1.015 3302.15
162 2130.25 0.4 1.0016 2134.1 248 3254.78 11.93 1.0153 3316.6
163 2143.32 0.42 1.0017 2147.36 249 3267.87 12.25 1.0155 3331.07
164 2156.39 0.45 1.0018 2160.62 250 3280.95 12.58 1.0158 3345.57

165 2169.46 0.47 1.0018 2173.89 251 3294.03 12.91 1.0161 3360.08
166 2182.53 0.5 1.0019 2187.17 252 3307.11 13.25 1.0163 3374.62
167 2195.6 0.53 1.002 2200.45 253 3320.19 13.6 1.0166 3389.18

168 2208.67 0.56 1.002 2213.74 254 3333.27 13.95 1.0169 3403.76
169 2221.74 0.59 1.0021 2227.04 255 3346.36 14.31 1.0172 3418.36
170 2234.82 0.62 1.0022 2240.35 256 3359.44 14.68 1.0174 3432.99

171 2247.89 0.66 1.0023 2253.67 257 3372.52 15.05 1.0177 3447.64
172 2260.96 0.69 1.0024 2266.99 258 3385.6 15.43 1.018 3462.31
173 2274.03 0.73 1.0024 2280.32 259 3398.68 15.81 1.0183 3477
174 2287.1 0.77 1.0025 2293.66 260 3411.77 16.21 1.0186 3491.72

175 2300.18 0.81 1.0026 2307.01 261 3424.85 16.61 1.0189 3506.46
176 2313.25 0.85 1.0027 2320.37 262 3437.93 17.01 1.0192 3521.23
177 2326.32 0.9 1.0028 2333.74 263 3451.02 17.43 1.0195 3536.01

178 2339.39 0.94 1.0029 2347.11 264 3464.1 17.85 1.0198 3550.83
179 2352.47 0.99 1.003 2360.5 265 3477.18 18.27 1.0201 3565.66
180 2365.54 1.04 1.0031 2373.89 266 3490.27 18.71 1.0204 3580.52
181 2378.61 1.09 1.0032 2387.3 267 3503.35 19.15 1.0207 3595.4

182 2391.69 1.14 1.0033 2400.71 268 3516.43 19.6 1.021 3610.31
183 2404.76 1.2 1.0034 2414.14 269 3529.52 20.06 1.0213 3625.24
184 2417.83 1.26 1.0035 2427.57 270 3542.6 20.52 1.0216 3640.2

185 2430.91 1.32 1.0036 2441.02 271 3555.68 20.99 1.0219 3655.18
186 2443.98 1.38 1.0037 2454.47 272 3568.77 21.47 1.0223 3670.19
187 2457.05 1.44 1.0038 2467.94 273 3581.85 21.96 1.0226 3685.22
188 2470.13 1.51 1.004 2481.42 274 3594.94 22.45 1.0229 3700.28

180



T(K)

† 

ZRot
3/2 (T)

† 

ZRot
1/2 (T) ZVib(T) ZTot(T) T(K)

† 

ZRot
3/2 (T)

† 

ZRot
1/2 (T) ZVib(T) ZTot(T)

189 2483.2 1.58 1.0041 2494.9 275 3608.02 22.96 1.0232 3715.36
190 2496.28 1.65 1.0042 2508.4 276 3621.1 23.47 1.0236 3730.47

191 2509.35 1.72 1.0043 2521.91 277 3634.19 23.98 1.0239 3745.6
192 2522.43 1.8 1.0044 2535.44 278 3647.27 24.51 1.0242 3760.76
193 2535.5 1.88 1.0046 2548.97 279 3660.36 25.04 1.0246 3775.94
194 2548.57 1.96 1.0047 2562.52 280 3673.44 25.58 1.0249 3791.15

195 2561.65 2.04 1.0048 2576.07 281 3686.53 26.13 1.0252 3806.39
196 2574.72 2.13 1.005 2589.64 282 3699.61 26.69 1.0256 3821.65
197 2587.8 2.22 1.0051 2603.23 283 3712.7 27.26 1.0259 3836.94

198 2600.87 2.31 1.0052 2616.82 284 3725.78 27.83 1.0263 3852.26
199 2613.95 2.4 1.0054 2630.43 285 3738.87 28.41 1.0266 3867.6
200 2627.03 2.5 1.0055 2644.05 286 3751.96 29 1.027 3882.97

201 2640.1 2.6 1.0057 2657.69 287 3765.04 29.6 1.0273 3898.37
202 2653.18 2.71 1.0058 2671.33 288 3778.13 30.21 1.0277 3913.79
203 2666.25 2.81 1.006 2685 289 3791.21 30.83 1.028 3929.24
204 2679.33 2.93 1.0061 2698.67 290 3804.3 31.45 1.0284 3944.72

205 2692.4 3.04 1.0063 2712.36 291 3817.39 32.09 1.0288 3960.22
206 2705.48 3.16 1.0064 2726.06 292 3830.47 32.73 1.0291 3975.76
207 2718.56 3.28 1.0066 2739.78 293 3843.56 33.38 1.0295 3991.32

208 2731.63 3.4 1.0068 2753.51 294 3856.64 34.04 1.0299 4006.91
209 2744.71 3.53 1.0069 2767.26 295 3869.73 34.71 1.0302 4022.52
210 2757.79 3.66 1.0071 2781.02 296 3882.82 35.38 1.0306 4038.17
211 2770.86 3.79 1.0073 2794.79 297 3895.91 36.07 1.031 4053.84

212 2783.94 3.93 1.0074 2808.59 298 3908.99 36.77 1.0314 4069.54
213 2797.02 4.07 1.0076 2822.39 299 3922.08 37.47 1.0318 4085.27
214 2810.09 4.22 1.0078 2836.21 300 3935.17 38.18 1.0321 4101.03

215 2823.17 4.37 1.008 2850.05 301 3948.25 38.91 1.0325 4116.82
216 2836.25 4.52 1.0081 2863.91 302 3961.34 39.64 1.0329 4132.63
217 2849.33 4.68 1.0083 2877.77 303 3974.43 40.38 1.0333 4148.48
218 2862.4 4.84 1.0085 2891.66 304 3987.52 41.13 1.0337 4164.35

219 2875.48 5.01 1.0087 2905.56 305 4000.61 41.89 1.0341 4180.26
220 2888.56 5.18 1.0089 2919.48 306 4013.69 42.66 1.0345 4196.19
221 2901.64 5.36 1.0091 2933.42 307 4026.78 43.43 1.0349 4212.15

222 2914.71 5.53 1.0093 2947.37 308 4039.87 44.22 1.0353 4228.14
223 2927.79 5.72 1.0095 2961.34 309 4052.96 45.02 1.0357 4244.16
224 2940.87 5.91 1.0097 2975.32 310 4066.05 45.83 1.0361 4260.22

225 2953.95 6.1 1.0099 2989.33 311 4079.13 46.64 1.0365 4276.3
226 2967.03 6.3 1.0101 3003.35 312 4092.22 47.47 1.0369 4292.41
227 2980.11 6.5 1.0103 3017.39 313 4105.31 48.3 1.0373 4308.55
228 2993.18 6.7 1.0105 3031.44 314 4118.4 49.15 1.0377 4324.72

229 3006.26 6.92 1.0107 3045.52 315 4131.49 50 1.0381 4340.92
230 3019.34 7.13 1.0109 3059.61 316 4144.58 50.87 1.0385 4357.16
231 3032.42 7.35 1.0112 3073.72 317 4157.67 51.75 1.039 4373.42

232 3045.5 7.58 1.0114 3087.85 318 4170.76 52.63 1.0394 4389.71
233 3058.58 7.81 1.0116 3102 319 4183.85 53.53 1.0398 4406.04
234 3071.66 8.05 1.0118 3116.17 320 4196.94 54.43 1.0402 4422.39

235 3084.74 8.29 1.0121 3130.36

181



TABLE 5.13. Comparison between the partition function achieved in this work and those
quoted in the JPL catalog. (79BrO)

T Z3/2
Rot(T) Z1/2

Rot(T) ZVib(T) ZTot(T) JPL
150.000 1965.33 1.184 1.0009703 1967.42 1949.832
225.000 2941.80 6.074 1.0098912 2977.04 2932.182
300.000 3918.94 38.028 1.0321343 4084.13 3941.167

Table 5.14: Comparison between the partition function achieved in this work and those
quoted in the JPL catalog. (81BrO)

T Z3/2
Rot(T) Z1/2

Rot(T) ZVib(T) ZTot(T) JPL
150.000 1973.4040 0.18447248 1.0009703 1975.50 1957.963
225.000 2953.9488 6.0988628 1.0098912 2989.33 2944.406
300.000 3935.1673 38.182679 1.0321343 4101.03 3957.594

5.8. Conclusion

In this chapter we presented line intensities calculations which were performed for water,
ozone, nitric acid, and nitrous oxide. Also line broadening parameters were generated using
the experimental parameters available in the literature or measured within this study. The
partition function for BrO was also calculated for the different temperatures of relevance for
MASTER.
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6. Database

6.1. Introduction

The purpose of the present report is to describe the update of database that was generated for
the MASTER instrument using the best available line parameters (line positions, line
intensities and line profiles). These parameters were collected, depending on the spectroscopic
data available in the HITRAN (the 2002 version of the database) [ROTH98], or JPL
[PICK98] databases or in the literature according to the recommendations performed in the
previous ESA/ESTEC report [BAUE98a].

6.1.1. FREQUENCY RANGE

The major instrumental requirements of MASTER are given in Table 1 in the introduction of
this report, and the MASTER database was generated mainly for the molecules which are
quoted in this table. In addition, it was decided to include in this database lines which belong
to other molecular species namely: HOCl, HOBr, NO2, SO2, H2O2, HO2 , COF2, OCS , HCN,
and H2CO. This suggestion was given since these molecules may contribute as interfering
species with the target species quoted in Table 1.

6.1.2. DESCRIPTION OF THE SPECTROSCOPIC PARAMETERS

The MASTER database includes line positions, line intensities and line shape parameters.

6.1.2.1. Line positions and intensities:
 The line frequencies and its associated uncertainties are quoted in MHz.
In the MASTER database, the line intensities:

SMASTER =kσ
N (296  K) (6.1)

are given in (in cm-1/(molecule.cm-2). Different conventions may be used when dealing with
line intensities, and for the present MASTER database, the intensities are quoted for a pure
isotopic sample and for a temperature T  = 296 K. On the other hand, it appears
unreasonable to include in the linelist all the transitions belonging to less abundant isotopic
species independently of their isotopic ratio. For this reason, for a given isotopic species with
an aISO isotopic abundance (see Table 1.1 of Chapter 1), the lines were introduced in the
MASTER linelist with a lower limit for the intensity which is given by Eqs. (6.2) and (6.3)
depending of the frequency range of these lines (within the B, C, D, E and F bands or at
± 3 GHz of these bands) or at ± 20-2 GHz from these bands.

SMASTER aiso ≥ 0.1⋅10−27cm−1 /(molecule.cm-2) (6.2)
SMASTER aiso ≥ 0.1⋅10−22cm-1 /(molecule.cm-2) (6.3)

The exceptions are
• water: All the water lines present in HITRAN database present in the 0-2500 GHz

frequency range were included in this MASTER very extended database. This was
done in order to be able to well characterize the water continuum using the Liebe
formalism.
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• Oxygen: all the 17O16O and 16O18O lines present in the JPL catalog were introduced
provided they were located within 20 GHz from the MASTER windows. Finally,
according to a special request from ESA, the lines for 16O16O were generated in a
different separate file.

6.1.2.2. Line broadening parameters
For the present MASTER database, the air- broadening parameters γair and the self-
broadening parameters γself were quoted in the database (in MHz/Torr units) together with
their n-temperature dependence for a Lorentz line broadening profile. Actually, because of the
low concentration of the atmospheric species under study, the self-broadening may be
neglected within the scope of this study, except for water vapor for which this effect may be
not negligible at low atmospheric altitudes.
Contrary to the line intensities which are always given at a reference temperature T = 296 K,
the values of the air- and self- broadening parameters (i.e. the half width at half maximum)
γAir

0 (TRef )  and γSelf
0 (TRef ) (which are quoted in (MHz/Torr) units) are given, when they were

measured, at the temperature of the measurements. The default value is however 296 K.

Special case of the oxygen molecule: During the first progress meeting held in Bremen
(24/01/2003) it was decided to use for the broadening parameters a definition that differs from
the one used for the other molecules considered in the MASTER database. Actually, to avoid
ambiguities, the N2- and O2- halfwidths and its temperature dependence are quoted for
16O16O, 18O16O and 17O16O (instead of the air- and self- broadening halfwidth, respectively as
for all other molecules).

 6.1.2.3 Line shifts
 The pressure induced line shift effect is described by the δ parameter (quoted in (MHz/Torr)
units), which is defined as:

σ P,T( ) = σ(P0 = 0, T)+ δP (6.4)

where, σ(P) and σ(P0 = 0) are the position of the line for a pressure P and a reference "zero"
pressure (P0 = 0) respectively.

6.1.4. Precision
The accuracy on the line position is included explicitly. This accuracy was taken from the JPL
catalogue when the line positions are the JPL ones. In other cases, the accuracy was estimated
from a careful check of the literature.
The other relevant accuracies (on line intensity, air-broadening parameter and n-temperature
dependence of the air broadening) are indicated with accuracy indexes (IERS, IERH, IERN):
for parameters, which were measured within the previous contract by DLR (and/or) LSH, the
accuracy was given by the experimentalists, in the other cases, the accuracies were estimated
by checking in the literature.

The accuracy indexes are defined as follows:

TABLE 6.1. Accuracy indexes

Index 0 1 2 3 4 5 6 7 8 9
Accuracy 200% 100% 50% 30% 20% 10% 5% 2% 1% 0.5%
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6.2. Content of the MASTER database:

For this database we used the following format that was the one used for the previous
ESA/ESTEC contract on MASTER/SOPRANO [BAUE98a]:

TABLE 6.2. Format

MO ISO F ERRF S AGAM SGAM E nair nself Tref δ

I2   I1 F13.4 F8.4 E10.3 F5.2 F5.2 F10.4 F4.2 F4.2 F7.2 F9.6

V1 V2 Q1 Q2 IERS IERH IERN IB IC ID IE IF
I3 I3 A9 A9 I1 I1 I1 I1 I1 I1 I1 I1

MO (I2) molecule number
ISO (I1) isotope number (1 = most abundant, 2 = second, etc... see Table 1.1)
F (F13.4) frequency of transition in MHz
ERRF(F8.4) estimated error in F in MHz
S (E10.3) intensity in cm-1/(molecule.cm-2) at 296 K
AGAM (F5.2) air-broadened halfwidth (HWHM) in MHz/Torr at Tref

SGAM (F5.2) self-broadened halfwidth (HWHM) in MHz/Torr at Tref

E (F10.4) lower state energy in wavenumbers (cm-1)
nair (F4.2) coefficient of temperature dependence of air-broadened halfwidth
nself (F4.2) coefficient of temperature dependence of  self-broadened halfwidth
Tref (F7.2) reference temperature for AGAM and SGAM
δ (F9.6) shift of transition due to pressure (MHz/Torr)
V1 (I3) upper state global quanta index
V2 (I3) lower state global quanta index
Q1 (A9) upper state local quanta
Q2 (A9) lower state local quanta
IERS (I1) accuracy index for S
IERH (I1) accuracy index for AGAM
IERN (I1) accuracy index for N
IB, IC, ID, IE, For the “reduced” databases only:
and IF (5I1) Importance of the line for the  MASTER micro windows B, C, D, E and F

IB (and/or) IC=1 (and/or) ID=1 (and/or) IE=1 (and/or) IF=1 if the line is of
relevant importance for MASTER–B, MASTER–C, MASTER–D, (and/or)
MASTER–E (and/or) MASTER–F respectively.

6.3. Status in the MASTER database for the “main species”

6.3.1. BROMIDE MONOXIDE (BrO).

The bromide monoxide molecule was introduced in the MASTER database with the molecule
code number "40" for BrO and with the "1" and "2" isotopic code numbers for the 79BrO and
81BrO isotopic species, respectively. Since the BrO molecule is completely absent in the
HITRAN database, we used for the MASTER database the line positions and line intensities
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quoted in the JPL database. These BrO line positions present in the JPL database were
generated using the very recent and very precise measurements performed by Cohen et al.
[COHE87]. As far as the intensities are concerned, a check of the line intensity calculation
may have to be performed.
As far as the line broadening parameters are concerned, BrO was the subject of an
experimental study during the last ESA/ESTEC contract [BAUE98a]. Maybe another
experimental study could be useful.
Figure 6.1 gives an overview of the BrO lines included in the MASTER database.

Figure 6.1. Overview of the BrO and ClO  lines in the MASTER database. The intensities (in
cm-1/(molecule.cm-2) units) are quoted in a base 10 logarithm.

6.3.2. METHYL CHLORIDE (CH3Cl)

The line positions quoted in the JPL catalog were introduced in the MASTER database. On
the other hand, the line intensities in the JPL catalog were generated using a partition function
for CH3Cl which involves only the  rotational contribution. Since the vibrational contribution
to the CH3Cl partition function at 300K is ZVib(300K)=1.050, the line intensities in the JPL
catalog were divided by 1.050 before introduction in the MASTER database.
The line positions and intensities implemented in the MASTER database for CH3Cl should be
of good quality. As it was said, no data is available concerning the line broadening by air in
the microwave region. We had therefore to implement the data, which exist in the infrared
spectral region. We implement in the MASTER database the values :
γair = 4.04 MHz/Torr, n = 0.7 for the air-broadening halfwidths and its temperature
dependence. These values correspond to the "mean values" (γair = 0.79γN2 + 0.21γO2) of the
N2- and O2- broadening halfwidths measured in the literature. Also γself ~20 MHz/Torr was set
up for the self-broadening parameter.
It may be necessary to have a more explicit J- and/or Ka description for these linewidths. In
this case, by adjusting the existing experimental data, the J and Ka rotational dependence of
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the line broadening will be achieved by using a method similar to the one adopted for nitric
acid.
Figure 6.2 gives an overview of the CH3Cl  lines included in the MASTER database.

Figure 6.2. Overview of the HCl, and CH3Cl  lines in the MASTER database. The intensities
(in cm-1/(molecule.cm-2) units) are quoted in a base 10 logarithm.

6.3.3. CARBON MONOXIDE (CO)

The line positions and intensities of the CO lines were taken from the JPL database, and those
of the line broadening from the results of the previous contract.
For CO, the line parameters are of good quality as far as the line positions, line intensities,
and line broadening parameters are concerned. The modeling of the CO line at 345.78 GHz
may be improved if a more sophisticated profile is used (for example a "Galatry" type profile
or a "speed dependent" Voigt profile). The pressure shift effects are obviously not to be
considered within the scope of this contract.
Figure 6.3 gives an overview of the CO lines included in the MASTER database.

187



Figure 6.3. Overview of the CO, and N2O  lines in the MASTER database. The intensities (in
cm-1/(molecule.cm-2) units) are quoted in a base 10 logarithm.

6.3.4. CHLORIDE MONOXIDE (ClO)

For the line positions and intensities of ClO, we used the line parameters, which are quoted in
the JPL catalog. For the air broadening parameter and its temperature dependence, we used
the values which were measured by the DLR for the 501.2 GHz line, namely
γair = 3.71(15) MHz/Torr @240 K and n = 0.69(6). These broadening parameters are in
excellent agreement with the mean value of the parameters quoted by Oh and Cohen [OH94]
for the 204.4 and 649.4 GHz.
We believe that the line parameters quoted for ClO in the MASTER database are of good
quality for the line positions, line intensities and line broadening parameters.
Figure 6.1 gives an overview of the ClO lines included in the MASTER database.

6.3.5. HYDROGEN CHLORIDE (HCl)

For the present database, we used the line positions the experimental positions quoted in Ref.
[NOLT87], and the line intensities parameters quoted in HITRAN.
For both H35Cl and H37Cl we have implemented the air- broadening parameters
γair(296K) = 3.420(7)MHz/Torr and n = 0.73(3) which were achieved for the J = 1 ← 0 lines
located at 625.9GHz lines for H35Cl [DROU04a].
From the various existing self- broadening measurements [POUR81, SERG86], one can
estimate that the HITRAN value γself(296K)˜8.61MHz/Torr is reasonable.
Finally the value of the air-pressure shift δair(296K) = 0.146(3)MHz/Torr obtained in Ref.
[DROU04a] was also implemented in MASTER.
Figure 6.2 gives an overview of the HCl lines included in the MASTER database.
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6.3.6. NITRIC ACID (HNO3)

As pointed out previously, the complete line list of HNO3 was updated for the line positions
and intensities. This update involves the cold band (ν0↔ν0) and transitions within the first
excited vibrational states (ν9↔ν9, ν6↔ ν6, ν7↔ ν7, ν8↔ ν8, ν5 ↔ν5 , 2ν9 ↔2ν9 , 2ν9 ↔ν5

and ν5↔2ν9) with (as in HITRAN) the following vibrational coding is "14 14", "19 19", "26
26", "31 31", "32 32", "18 18", "21 21" , "21 18" and "18 21", respectively.
The estimated errors were established according to the recommendations given by J.-M. Flaud
[FLAU03c].

6.3.6.1. For the line positions
The estimated accuracy (ERR in MHz) is established according to the J values

ERR ≈ERR0 1+ JL /16( )4( ) (6.5)

with ERR0 = 0.01 MHz, for the transitions within the ground vibrational state (for the band "0
0"), 0.02 MHz, for the "9 9", "6 6", "7 7", "8 8" hot bands, and 0.03 MHz for the "99 99",
"5 5", "5 99" and "99 5" (weaker) hot bands which are affected by strong resonances.

6.3.6.2. For the line intensities
Based on the accuracy of the HNO3 permanent dipole moment and on error propagation one
can estimate the accuracies SX on the line intensities using the following formulae
• Transitions within the ground vibrational state (for the band "0 0")

SX = 0.03 (1+ JL /70+ KL /25) (6.6)

• For the "9 9", "6 6", "7 7", "8 8" hot bands

SX = 0.05 (1+ JL /70+ KL /25) (6.7)

• Finally, for the "99 99", "5 5", "5 99" and "99 5" (weaker) hot bands, strong perturbations
are to be considered during the calculations which may perturb the intensities. So the
intensities are calculated with a weaker expected accuracy:

SX = 0.10 (1+ JL /70+ KL /25) (6.8)

Figure 6.4 gives an overview of the HNO3  lines included in the MASTER database.
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Figure 6.4. Overview of the HNO3 lines in the MASTER database. The intensities (in
cm-1/(molecule.cm-2) units) are quoted in a base 10 logarithm.

6.3.6.3. Status of the line broadening parameters
The self broadening half width γself = 31.8 MHz/Torr and the n-temperature dependence
n = 0.70 was set up for all the lines according to the broadening measurements performed by
Goyette et al. and Zu et al. [GOYE88, GOYE91, GOYE98, ZU02].
For the air broadening halfwidths γair, we used when available, the experimental data of the
literature or measured at Bologna and Lille within the course of this contract (see Chapter 4).
It is generally assumed that the vibrational dependence of the line broadening parameters is
rather weak. Accordingly, the available experimental γair values were implemented also for
the rotational transitions from the ν5-ν5, ν6-ν6, ν7-ν7, ν8-ν8, ν9-ν9, 2ν9-2ν9 hot bands of HNO3.
For all the other lines, the empirical approach, which is discussed in the report (see Chapter
5), was used to estimate the γair parameters, namely
• For “low” J values (J < JMAX)  

γ air (J) = aair + bairJ (6.9)

• For high J values (J > JMAX)

airair c)J( =γ  (constant value) (6.10)

with
)J(c Max

airair γ= (6.11)

The values:
JMax = 34.4 ± 5, aair = 5.049 ± 0.20 , and bair = −0.034 ± 0.009 (6.12)

were achieved during WP402 (see Chapter 5) by performing a least squares fit calculation on
the set of experimental γair parameters available in the literature or which were measured at
Bologna and Lille during this contract (see Chapter 4).
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Finally, the n = 0.70 temperature dependence exponent was set up for all the lines according
to the air broadening measurements performed by Goyette et al. and Zu et al. [GOYE88b,
GOYE91, GOYE98, ZU02].
The accuracy for the air-broadening halfwiths is estimated to be of 2 to 5% (depending on the
lines) for the 1ines updated with existing experimental data [GOYE88b, GOYE91, GOYE98,
ZU02] and of ~10% for lines for which the empirical description described in Eqs. (6.9) to
(6.12) was used. Finally, for n, the estimated uncertainty is around 15%.

6.3.6.4. Pressure shifts
Pressure shift measurements were performed in Bologna [WP401] for the 319.221, 319.897,
320.005, 322.348 and 344.241 GHz lines of HNO3, leading to rather low values for the
pressure shift (δ = 17(4), -32(6), 12(15), 22(2) and 4(2) kHz/Torr, respectively). Therefore, it
is clear that the pressure shift is weak and unpredictable for HNO3. In order to avoid
systematic errors for the lines for which informations are not available, it was decided to
implement zero for all HNO3 pressure shifts in the MASTER database.

6.3.7. NITROUS OXIDE (N2O)

6.3.7.1. Line positions
The present linelist involve lines belonging to 14N14N16O and to the two minor species,
14N15N16O and 15N14N16O. For these molecules we used the line positions quoted in the JPL
database for the transitions within the ground vibrational state and for the first two hot bands.
For the N2O lines belonging to the higher hot bands we used the HITRAN line positions
because such transitions are absent in the JPL database. For the vibrational coding we used as
for HITRAN the "1 1", "2 2", "3 3", "4 4" and "5 5" notation for the (0 00 0)↔ (0 00 0), (0 11

0)↔ (0 11 0), (0 20 0)↔ (0 20 0) (0 22 0)↔ (0 22 0) and (1 00 0)↔ (1 00 0) vibrational
transitions, respectively.

6.3.7.2. Intensities
The line intensities in the JPL catalog are rather suspicious. To solve this problem, we
performed a new intensity calculation. Our new calculation using the “correct” partition
function and the dipole moment quoted in Ref. [SCHA70] leads to line intensities which are
~13% weaker than those in the JPL catalog. The reasons for this disagreement are very clear
as far as the JPL catalog is concerned: since the vibrational contribution to the N2O partition
function was not accounted for (ZVib(300 K) = 1.1340), the intensities in the JPL catalog are
overestimated by ~13%. On the other hand, these intensity are also about ~7% weaker than
those present in HITRAN. The reasons for this disagreement could not be clarified since there
exists no mention of the source of the calculation for this N2O linelist in HITRAN [ROTH98].
According to these conclusions, we have implemented in MASTER the N2O intensities,
which were generated for this study (see Chapter 5).
Figure 6.3 gives an overview of the N2O lines included in the MASTER database.
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6.3.7.3. Line broadening parameters
For the air-broadening parameter γair and its temperature dependence we used the values
quoted in the HITRAN database. The exceptions are the lines for which broadening
measurements are existing namely the 301.422 and 301.443 GHz  lined for which we
implemented the value γair = 3.148(14) MHz/Torr at 296K (deduced from N2-broadening
measurements) [DEMA04], and the line at 627.751GHz (γair=2.87(10) MHz/Torr  at 294K)
[MORI03].
For the self-broadening parameter and its temperature dependence (which is probably
negligible within the scope of the present analysis) we used γself = 4 MHz/Torr and n = 0.5.

6.3.8. MOLECULAR OXYGEN: THE 18O16O, 17O16O AND 16O2 ISOTOPIC SPECIES

Lines from the 18O16O and 17O16O isotopic species1 were included in the MASTER database.
We used the positions and intensities, which are quoted in the JPL database. These line
positions are of excellent quality, because they were measured extensively [CAZZ81,
CROW90, GOLU03, and references therein].
The line intensities quoted in the JPL linelist are in excellent agreement with those quoted in
HITRAN.
During the first progress meeting held in Bremen (24/01/2003), it was decided to use for the
broadening parameters a definition, which differs from the one, used for the other molecules
considered in the MASTER database. Actually, to avoid ambiguities, the N2- and O2-
halfwidths and its temperature dependence are quoted for 18O16O and 17O16O (instead of
the air- and self- broadening halfwidth, respectively for all other molecules).
The values that we used are those that we estimated from those achieved very recently in Ref.
[TRET04] for rather similar rotational transitions of the 16O2 isotopic species. These values
are quoted in Table 6.3 for O18O16. For O17O16 the values γN2 = 2.2 MHz/Torr and γO2 = 2.10
MHz/Torr were implemented for all the lines.

TABLE 6.3. Broadening parameter implemented in MASTER for the 18O16O (T = 295 K)
Frequency in GHz γN2 γO2 N',J'←N"J"

298. 2.30 2.25 2 2       0 1
345. 2.21 2.19 3 2      1 1
508. 2.15 2.10 4 3      2 2
627. 2.15 2.10 4 4      2 3

As those values are estimated from those achieved for another isotopic species, we estimated
the accuracies to be of 10% for the γN2 and γO2 broadening and of 20% for n.
Figure 6.5 gives an overview of the 16O18O and 16O17O lines included in the MASTER
database. In addition, figure 6.6 describes the database for 16O2 which was generated in a
separate file.

                                                  
1 According to a special request from ESA/ESTEC, the lines from the 16O2 main  isotopic species were prepared
in a separate linelist
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Figure 6.5. Overview of the 18O16O and 17O16O lines in the MASTER database. The
intensities (in cm-1/(molecule.cm-2) units) are quoted in a base 10 logarithm.

Figure 6.6. Overview of the 16O2 lines which are generated in a separate database. The
intensities (in cm-1/(molecule.cm-2) units) are quoted in a base 10 logarithm.
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6.3.9. OZONE (O3)

For the line positions, we used the parameters implemented in the JPL catalog for almost all
transitions of ozone. The only exception is the ν2 <=> ν2 linelist for the 16O18O16O and
16O16O18O isotopic species for which we used the line positions and lower state energies from
the HITRAN linelist since these lower state are incorrect in the JPL catalog for these series of
transitions.
For the line intensities, we used the parameters quoted in HITRAN. As it was pointed out
during the study described in paragraph 5.2, the centrifugal distortion effects which perturb
somehow the ozone line intensities in the microwave spectral region are accounted for by a
non-negligible "rotational" dependence of the dipole moment operator in the ground
vibrational state. Such effects are considered for the linelist generated in Ref. [FLAU90a],
which was used for the HITRAN database. For this reason, we decided to use the line
intensities quoted in HITRAN for the generation of the MASTER database.
For the lines of 16O3 located at 497.1, 498.7, 500.2, 501.8, 505.25 we used the line broadening
parameters, which were derived during the previous ESA/ESTEC contract at PhLAM and
DLR [BAUE98a, PRIE00b]. For the lines at 288.96 and 610.37 GHz, we used the calculated
values for γair and nair, which are quoted in Ref. [DROU04b]. For the lines at 300.7, 301.8,
303.2, 317.2, 343.2 and 343.5 GHz we used the line broadening parameters which were
measured in Lille and in Bologna within the course of this study [WP301].
It is generally assumed that the vibrational dependence of the line broadening parameters for
ozone is rather weak for pure rotation transitions. Also the isotopic dependence for the
broadening parameters is assumed to be negligible for ozone. Accordingly, the available
experimental γair values were implemented also for the rotational transitions from the various
hot bands transitions of ozone and for the less abundant isotopic species. Finally for all the
other lines the broadening parameters are issued from the HITRAN database.
The associated uncertainties are between 0.5% to 5% for the measured broadening halfwidths,
and between and about 10-20% for all other lines.
The n-temperature dependences of the linewidths, which are collected in Table 6.4, were
incorporated in the database. For the other lines, the values n = 0.76 and n = 0.5 were used,
respectively for the n-temperature dependence of the air- and self- halfwidths. These values
for which an estimated uncertainty of 20-30% can be stated are issued from a
recommendation given by J. M. Hartmann and Ch. Boulet.
Table 6.4 collects the pressure shifts measurements performed in Bologna for ozone during
this study. From these results and those collected in [DROU04b] it is clear that this effect is
rather weak in the microwave region and therefore the value  δair= 0 was stated in the database
for all lines of MASTER.

Figure 6.7 gives an overview of the ozone  lines included in the MASTER database.
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Figure 6.7. Overview of the ozone lines in the MASTER database. The intensities (in cm-

1/(molecule.cm-2) units) are quoted in a base 10 logarithm.

TABLE 6.4. List of the line broadening measurements performed within the course of this
study.

ν J’ Ka’ Kc’ J” Ka” Kc” T (K) γair nair δair

L 300685 13 4 10 14 3 10 238 3.730(18)
L+B 301813 14 0 14 13 1 13 296 3.081(19) 0.676(20) 10(2)
L 303165 7 2 6 7 1 7 296 3.287(19)
B+L 317195 5 3 3 6 2 4 296 3.427(29)
B 317195 5 3 3 6 2 4 240 3.888(6) 13(1)
B 319997 20 1 19 20 0 20 296 2.950(5) 0.722(14) 28.2(5)
L 343238 26 2 24 25 3 23 240 3.583(26)
L 343506 4 3 1 5 2 4 240 3.682(30)

L: Lille, B: Bologna. ν: line position in MHz, J’Ka’Kc’ J”Ka”Kc” upper and lower rotational
quantum numbers. T: temperature for the measurements. γair air-pressure halfwidth (in
MHz/Torr). nair temperature dependence; δair pressure shift (in kHz/Torr).

6.3.10. WATER (H2O)

During the meeting in Lille (March 21) it was asked by ESA/ESTEC to prepare a list of water
lines that may possibly interfere within the 0-2500 GHz frequency range with the lines to be
investigated in the MASTER windows. This list, which was generated in order to account
correctly for the water continuum (see Chapters 2 and 7), involves 857 lines for the four main
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isotopic species of water, and includes the best possible line positions, intensity and line
broadening parameters.

6.3.10.1. Line positions and intensities:
As for ozone, we used, to prepare the MASTER database, the line positions quoted in the JPL
database, and this is justified since most of the line positions quoted in JPL for the 200-510
GHz spectral range are issued from very good measurements ([LUCI71b, LUCI72a,
LUCI72b, LUCI75, MATS95, MESS83, MESS84, PEAR91] etc...)
For the line intensities we used the values quoted in HITRAN [ROTH98]. For water, which is
a light molecule with two hydrogen atoms, the bending HÔH mode is a large amplitude
motion, which leads to important contributions of the centrifugal effects for the line
intensities. These effects were accounted for are in the HITRAN linelist which is issued from
calculations performed in 1981 by [FLAU81]. It was necessary to evaluate the quality of these
line intensities and the results of this study, which was performed during WP302, are
presented in Chapter 5.
Figure 6.8 gives an overview of the water   lines included in the MASTER database.

Figure 6.8. Overview of the water lines in the MASTER database. The intensities (in
cm-1/(molecule⋅cm-2) units are quoted in base 10 logarithm.

6.3.10.2. Line broadening parameters
 For the present MASTER database, the air-broadening parameters γair and the self-
broadening parameters γself were quoted in the database (in MHz/Torr units) together with
their n-temperature dependence.
The air broadening ( γ air

0 (TRef )  and nair) parameters are quoted in the HITRAN database for
water lines in the millimeter submillimeter spectral range. On the other hand, we are faced to
the problem that the self-broadening parameters are completely missing in HITRAN for the
0-500 cm-1 frequency range. In addition the air-broadening coefficients quoted in HITRAN
are sometimes not always very accurate. Since these parameters are of importance for the
present study we adopted the following strategy.
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� When line broadening measurements are existing, we use the experimental values of the
air-broadening (and/or) self broadening parameters and n-temperature dependence of
these parameters. This was the case for:

o  The 183 GHz line: (at 298 K) γair = 3.84(4) MHz/Torr [TRET03], nair = 0.64(1)
[BAUE89], γself = 20.0(1)MHz/Torr and nself = 0.85(5) [BAUE89].

o  The 325.15 GHz line of H2
16O: γair=3.633(30)MHz/Torr at 300 K, nair = 0.640(93)

[COLM99].
o  The 380.2 GHz line of H2

16O: γ air=3.80(4)MHz/Torr at 300K, nair=0.72(3)
[GOYE93a]) and γself=20.61(7)MHz/Torr, nself=0.89(1) [BAUE87].

o The 556 GHz line of H2
16O (γair=4.92(6)MHz/Torr at 297K [MARK95]).

o  The 203.41 GHz line of H2
18O: γair=3.833(32)MHz/Torr at 300K n = 0.900(38)

[COLM99].
o  The HDO lines at 225.896 GHz (γair = 3.85(4) MHz/Torr at 298K, n = 0.75(2)),

241.561 GHz (γair = 4.12(4) MHz/Torr at 298 K, n = 0.80(5)), and 241.973 GHz
(γair = 3.08(4) MHz/Torr at 298K, n = 0.70(2)) [GOYE93b].

� For the lines for which experimental line broadening measurements are not
available, we used the calculated air- broadening and self broadening parameters which
are quoted at a T = 300 K together with their n-temperature dependence exponents in
Ref. [BAUE89]. These calculations involve all the H2

16O strong lines in the 0-
1000 GHz frequency range. In addition, these data were also used for the same
rotational transitions of the H2

18O and H2
17O isotopic species.

� Finally, for the weak lines of water which are in the 0-1000 GHz or for all the water
lines which are above 1000 GHz, which therefore are expected to interfere only weakly
with the lines from the MASTER database, the following strategy was adopted
according to the recommendations of Dr. J.-M. Hartmann [HART03]: We used the air
broadening parameters which are quoted in HITRAN. In addition for the self parameters
we used the (empirical) values

γ self = 5γ air , nself =1.12nair (6.13)

6.3.10.3. Continuum
 Because in the microwave region the absorption due to water vapor is non negligible in the
atmospheric "windows" and/or in the far wings, numerous experimental [BAUE86, GODO92,
BAUE93, BAUE95, BAUE96, BAUE98b, KUHN02] and theoretical studies ([MA92] and
Refs. therein) were devoted to this subject. This continuum was accounted for in the study
performed at Bremen within the course of this contract [WP202].

6.3.10.4. Line shifts
The data on air shifts for water are rather sparse in the microwave region. For all water lines
for which this parameter is unknown the value δair= 0 was stated in the database. The
exceptions concern the lines for which these parameters are available (at about 300K) namely,

for H2
18O the 203.4 GHz line (δair = –0.15 MHz/Torr calculated in [COLM99]), and for

H2
16O, the lines located at 183GHz (δair = –0.067(20) MHz/Torr [TRET03]), 325.1 GHz

(δair = -0.126(10) MHz/Torr calculated in [COLM99]) and 556 GHz (δair= +300(4)
MHz measured in [MARK95]).

6.3.10.5. Precision
The accuracy on the line positions is included explicitly. This accuracy was taken from the
JPL catalogue when the line positions are the JPL ones, and stated to 0.5 MHz when the line
position was issued from HITRAN.
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From the results of the study performed during WP302, the accuracy SX in (percentage) on
the line intensity was estimated from the empirical formula:
For the H2

16O isotopic species:

for the ground state transitions: SX = 0.02 1+ J /12 + ∆K /5( ) (6.14)
for the “hot band” transitions: SX = 0.04 1+ J /10 + ∆K /5( ) (6.15)

For the H2
18O, H2

17O and HDO isotopic species these errors are multiplied by 1.25, 2 and 2,
respectively.
These estimated uncertainties account for the centrifugal effects, which complicate the line
intensity calculations for water [FLAU81].
For the broadenings γair and γself and their n-temperature dependence exponent nair and nself, we
implement a value, which accounts from the origin of the data and how we estimate the
accuracy of these parameters:
- experimental and of good quality
- calculated from Ref. [BAUE89]
- estimations from Eq. (6.14).

6.4. Status in the MASTER database for the “POSSIBLE INTERFERING species”

These molecules were added in the linelist as possible interfering species.

6.4.1. HYPOCHLOROUS ACID, HYPOBROMOUS ACID (HOCl and HOBr)

The HOCl and HOBr molecules are non-linear molecules. Because we are dealing with Cs

type molecules both A- and B-type transitions with (∆Ka = even and ∆Kc = odd) and
(∆Ka = odd and ∆Kc = odd) selection rules, respectively, are observable in the microwave or
submillimeter region. HOCl and HOBr have a hyperfine structure, which is non negligible for
the low rotational quantum numbers. This hyperfine structure is explicitly taken into account
in the JPL database. On the other hand, no parameters are available for HOBr in HITRAN and
the hyperfine structure of HOCl was ignored. For this reason, we used for the HOCl and
HOBr line positions and intensities, the data quoted in the JPL database, which actually were
generated from the line position and line intensity measurements performed at JPL [GILL84,
[KOGA89].
For the broadening parameters, the air broadening value and its n-temperature dependence
which are quoted in HITRAN for HOCl, (namely: γair = 2.37 MHz/Torr (at 296 K) and
nair = 0.5) are (according to Dr. Laurence Rothman) “the original default values which were
quoted for all molecules in first version of the AFGL-HITRAN database”: therefore we
estimate that these parameters have no physical meaning.
As far as the HOCl air-broadening coefficient is concerned, we have followed the
recommendations for the MIPAS [FLAU03b] database and have replaced the value 0.06
cm-1/atm quoted in HITRAN by the average values of two lines measured recently in the ν2

band [SHOR97], namely 0.1 cm-1/atm. Also the temperature dependence coefficient has been
set to 0.7, a value that seems more reasonable for this molecule than the value 0.5 quoted in
the HITRAN database. By extension, these values were also quoted for HOBr, which is rather
similar to HOCl.
Figure 6.9 gives an overview of the HOCl and HOBr lines included in the MASTER database.
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Figure 6.9. Overview of the HOCl and HOBr lines in the MASTER database. The intensities
(in cm-1/(molecule.cm-2) units) are quoted in a base 10 logarithm.

6.4.2. CARBONYL FLUORIDE (COF2)

In the JPL catalog, the line positions are issued from the parameters given in Refs [CARP74,
COHE91]: these positions were included in the MASTER database. The line intensities
present in the JPL catalog were generated using the COF2 permanent dipole moment
measured in Ref. [LAU62]: as for some other species involved in this study these intensities
were introduced in the MASTER database after a division by a factor equal to
ZVib(300K)=1.166 to account correctly for the vibrational contribution to the partition
function.
The estimated accuracy should be excellent for the positions and good for the intensities.
According to the recommendations of Ref. [RINS92] we used, for the air- the self-broadening
parameters and their n -temperature dependence, the values γair = 3.33 MHz/Torr
γself = 6.90 MHz/Torr and n = 0.94 (at T = 296 K) which were deduced from the recent line
broadening measurements performed in the infrared by [MAY92].
Figure 6.10 gives an overview of the COF2  lines included in the MASTER database.
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Figure 6.10. Overview of the H2CO, COF2 and OCS lines in the MASTER database. The
intensities (in cm-1/(molecule.cm-2) units) are quoted in a base 10 logarithm.

6.4.3. HYDROXYL PEROXIDE (H2O2)

For the line positions and intensities we used the parameters that we generated some years ago
[PERR96]: those parameters are more complete and accurate that those quoted in the JPL
database. For the air broadening parameter, we used the value γair = 3.94 MHz/Torr which is
deduced from the measurements of Malathy Devi et al. [MALA86].

6.4.4. HYDROPEROXYL RADICAL (HO2)

For the line positions and intensities we used the parameters quoted in the JPL database.
For the air broadening parameters, two values were obtained recently [CHAN94a, NELS94]
in the microwave and in the infrared region respectively. These two values are differing by
about 30%, and we decided to include in the database the value 5.6 MHz/Torr that was
recommended by Chance et al. [CHAN94a].
Figure 6.11 gives an overview of the lines  included in the MASTER database for H2O2 and
the HO2  radical.

Figure 6.11. Overview of the HCN, H2O2 and HO2 lines in the MASTER database. The
intensities (in cm-1/(molecule.cm-2) units) are quoted in a base 10 logarithm.

6.4.5. CARBONYL SULFIDE (OCS)

For the OCS line positions and intensities, we used the parameters quoted in the HITRAN
database. For the self- broadening and the air broadening parameter we used the values
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γself = 5.9 MHz/Torr and γair = 3.57 MHz/Torr which were deduced from the measurements
performed in Refs. [DEPA88] and [BOUA87], respectively.
Figure 6.10 gives an overview of the lines included in the MASTER database for OCS.

6.4.6. FORMALDEHYDE (H2CO)

For the line positions and intensities we used the parameters quoted in the JPL database.
For the air-broadening parameter, the value γair = 4.70 MHz/Torr which is issued from the air
broadening measurements of [NADL87] was quoted in the MASTER database. This value
differs slightly from the value γair = 4.22 MHz/Torr presently quoted in HITRAN [ROTH98].
For the self-broadening we used γself = 23 MHz/Torr which is issued from the measurements
of Nerf et al. [NERF75a]. No value was found in the literature for the n-temperature
dependence of the pressure linewidths which was set to n = 0.7. The rotational dependence of
the broadening parameters, which could not be accounted for in the MASTER database is
presumably rather large as pointed out by the calculation of [TEJW77] and the measurements
of [NERF75a]. Therefore we estimated the uncertainty at about 50% for both γair and n.
Figure 6.10 gives an overview of the lines included in the MASTER database for H2CO.

 6.4.7. SULFUR DIOXIDE (SO2) AND NITROGEN DIOXIDE (NO2)

For the SO2 line positions, we used the parameters quoted in the JPL database. Four isotopic
species namely: 32S16O2, 

34S16O2, 
32S16O18O, and 33S16O2, were considered (with 91, 92, 93

and 94 for the molecule-isotope coding, respectively) for sulfur dioxide. The line intensities
present in the JPL catalog were introduced in the MASTER database after a division by a
factor equal to ZVib(300K) = 1.096 to account correctly for the vibrational contribution to the
partition function.
For 14N16O2, (the other isotopic species are absent in the databases) we used the parameters
generated in HITRAN [PERR92], which are more complete and accurate that those quoted in
the JPL database
For the air- and self-broadening parameters, we used the values γair = 4.73 MHz/Torr,
γself = 15.8 MHz/Torr, and γair = 2.64 MHz/Torr, for SO2 and NO2, respectively which were
included in the 1998 version of HITRAN [PERR98]. In addition, for NO2, we used
γself = 1.42MHz/Torr as it was calculated by [TEJW72].
Figure 6.12 gives an overview of the NO2 and SO2 lines included in the MASTER database.
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Figure 6.12. Overview of the SO2 and NO2 lines in the MASTER database. The intensities (in
cm-1/(molecule.cm-2) units) are quoted in a base 10 logarithm.

6.4.8. CYANHYDRIC ACID (HCN)

For the line positions and line intensities, we used the parameters quoted in the HITRAN
database. Also the air- and self- broadening parameters that we used are the values, which are
quoted in HITRAN [ROTH98]: these values are deduced from the results of [LEMA96].
Figure 6.11 gives an overview of the HCN  lines included in the MASTER database.

6.5. Conclusion

Three different versions of the MASTER database were generated. The “extended form” is
described in Table 6.5. A selection of the “rather important lines” and the “only really
important lines” was performed by the IFE group in Bremen and the two “reduced forms of
this database were generated in this way are described in Tables 6.6. and 6.7. The criteria of
selection are given in section 2.1.3.
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TABLE 6.5
Content of the MASTER database (extended form)

Code Molecule Isotope Nb of lines Total intensity Isotopic
ratio

Intensity
*isotopic ratio

11 H2O 1-16-1 263 0.4198D-17 0.99732 0.4186D-17
12 H2O 1-18-1 115 0.4192D-17 0.002 0.8384D-20
13 H2O 1-17-1 92 0.4123D-17 0.00037 0.1534D-20
14 HDO 2-16-1 387 0.5395D-17 0.00031 0.1676D-20
31 O3 16-16-16 472 0.8803D-20 0.9929 0.8741D-20
32 O3 16-16-18 120 0.2174D-20 0.00398 0.8655D-23
33 O3 16-18-16 50 0.1361D-20 0.00199 0.2709D-23
34 O3 16-16-17 642 0.2419D-20 0.00074 0.1790D-23
35 O3 16-17-16 751 0.6076D-20 0.00037 0.2248D-23
41 N2O 14-14-16 33 0.1235D-20 0.99033 0.1223D-20
42 N2O 14-15-16 5 0.8220D-21 0.00364 0.2993D-23
43 N2O 15-14-16 3 0.2803D-21 0.00364 0.1021D-23
51 CO 12-16 2 0.8370D-22 0.98654 0.8257D-22
72 O2 16-18 4 0.1318D-24 0.00399 0.5261D-27
73 O3 16-17 45 0.1344D-24 0.00074 0.9971D-28
91 SO2 16-32-16 1003 0.9382D-19 0.94568 0.8873D-19
92 SO2 16-34-16 534 0.1064D-18 0.04195 0.4463D-20
93 SO2 16-33-16 1749 0.8811D-19 0.0075 0.6608D-21
94 SO2 16-32-18 849 0.8921D-19 0.0019 0.1692D-21
101 NO2 1074 0.2429D-20 0.99162 0.2408D-20
121 HNO3 17256 0.2279D-18 0.98911 0.2254D-18
151 HCl 35 3 0.5102D-19 0.75759 0.3865D-19
152 HCl 37 3 0.5088D-19 0.24226 0.1233D-19
181 ClO 35 153 0.2965D-19 0.75591 0.2241D-19
182 ClO 37 107 0.1153D-19 0.24172 0.2788D-20
191 OCS 16-12-32 16 0.2296D-19 0.93739 0.2152D-19
192 OCS 16-12-34 16 0.2317D-19 0.04158 0.9634D-21
193 OCS 16-13-32 16 0.2358D-19 0.01053 0.2483D-21
195 OCS 16-12-18 17 0.4499D-22 0.00188 0.8458D-25
201 H2CO 58 0.1410D-18 0.98624 0.1390D-18
211 HOCl 35 396 0.9801D-19 0.75579 0.7407D-19
212 HOCl 37 421 0.9843D-19 0.24168 0.2379D-19
231 HCN 1-12-14 2 0.3203D-18 0.98511 0.3155D-18
232 HCN 1-13-14 3 0.4840D-18 0.01197 0.5793D-20
233 HCN 1-12-15 2 0.2331D-18 0.00362 0.8442D-21
241 CH3Cl 35 482 0.1188D-18 0.74894 0.8895D-19
242 CH3Cl 37 421 0.1049D-18 0.23949 0.2512D-19
251 H2O2 755 0.8229D-19 0.99495 0.8188D-19
291 COF2 2535 0.4035D-19 0.98654 0.3981D-19
331 HO2 544 0.1084D-18 0.99511 0.1078D-18
371 HOBr 79 372 0.1103D-18 0.5056 0.5574D-19
372 HOBr 81 377 0.1106D-18 0.4919 0.5443D-19
401 BrO 79 246 0.1184D-18 0.5056 0.5989D-19
402 BrO 81 182 0.1148D-18 0.4919 0.5648D-19

Total: 32576
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Table 6.6
Content of the MASTER database (reduced form)

Code Molecule Isotope Nb of lines Total intensity Isotopic
ratio

Intensity
*isotopic ratio

11 H2O 1-16-1 263 0.4198D-17 0.99732 0.4186D-17
12 H2O 1-18-1 115 0.4192D-17 0.002 0.8384D-20
13 H2O 1-17-1 92 0.4123D-17 0.00037 0.1534D-20
14 HDO 2-16-1 387 0.5395D-17 0.00031 0.1676D-20
31 O3 16-16-16 368 0.8787D-20 0.9929 0.8725D-20
32 O3 16-16-18 104 0.2156D-20 0.00398 0.8586D-23
33 O3 16-18-16 43 0.1346D-20 0.00199 0.2680D-23
34 O3 16-16-17 354 0.1871D-20 0.00074 0.1384D-23
35 O3 16-17-16 569 0.5899D-20 0.00037 0.2183D-23
41 N2O 14-14-16 32 0.1234D-20 0.99033 0.1222D-20
42 N2O 14-15-16 5 0.8220D-21 0.00364 0.2993D-23
43 N2O 15-14-16 3 0.2803D-21 0.00364 0.1021D-23
51 CO 12-16 2 0.8370D-22 0.98654 0.8257D-22
72 O2 16-18 4 0.1318D-24 0.00399 0.5261D-27
73 O3 16-17 42 0.1338D-24 0.00074 0.9925D-28
91 SO2 16-32-16 321 0.8249D-19 0.94568 0.7801D-19
92 SO2 16-34-16 126 0.8012D-19 0.04195 0.3361D-20
93 SO2 16-33-16 69 0.1513D-19 0.0075 0.1135D-21
94 SO2 16-32-18 12 0.6040D-20 0.0019 0.1145D-22
101 NO2 298 0.1731D-20 0.99162 0.1717D-20
121 HNO3 6525 0.2183D-18 0.98911 0.2159D-18
151 HCl 35 3 0.5102D-19 0.75759 0.3865D-19
152 HCl 37 3 0.5088D-19 0.24226 0.1233D-19
181 ClO 35 55 0.2908D-19 0.75591 0.2198D-19
182 ClO 37 40 0.9584D-20 0.24172 0.2317D-20
191 OCS 16-12-32 16 0.2296D-19 0.93739 0.2152D-19
192 OCS 16-12-34 16 0.2317D-19 0.04158 0.9634D-21
193 OCS 16-13-32 12 0.1731D-19 0.01053 0.1823D-21
201 H2CO 39 0.1410D-18 0.98624 0.1390D-18
211 HOCl 35 83 0.7469D-19 0.75579 0.5645D-19
212 HOCl 37 55 0.5999D-19 0.24168 0.1450D-19
231 HCN 1-12-14 2 0.3203D-18 0.98511 0.3155D-18
232 HCN 1-13-14 3 0.4840D-18 0.01197 0.5793D-20
233 HCN 1-12-15 2 0.2331D-18 0.00362 0.8442D-21
241 CH3Cl 35 391 0.1187D-18 0.74894 0.8893D-19
242 CH3Cl 37 299 0.1052D-18 0.23949 0.2520D-19
251 H2O2 235 0.8193D-19 0.99495 0.8152D-19
291 COF2 306 0.8548D-20 0.98654 0.8433D-20
331 HO2 348 0.1166D-18 0.99511 0.1161D-18
371 HOBr 79 29 0.1542D-19 0.5056 0.7795D-20
372 HOBr 81 28 0.1615D-19 0.4919 0.7942D-20
401 BrO 79 40 0.1135D-18 0.5056 0.5741D-19
402 BrO 81 46 0.1126D-18 0.4919 0.5537D-19

Total: 11785
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Table 6.7
Content of the MASTER database (very reduced form)

Code Molecule Isotope Nb of lines Total intensity Isotopic
ratio

Intensity
*isotopic ratio

11 H2O 1-16-1 263 0.4198D-17 0.99732 0.4186D-17
12 H2O 1-18-1 115 0.4192D-17 0.002 0.8384D-20
13 H2O 1-17-1 92 0.4123D-17 0.00037 0.1534D-20
14 HDO 2-16-1 387 0.5395D-17 0.00031 0.1676D-20
31 O3 16-16-16 339 0.8786D-20 0.9929 0.8724D-20
32 O3 16-16-18 96 0.2117D-20 0.00398 0.8431D-23
33 O3 16-18-16 42 0.1322D-20 0.00199 0.2632D-23
34 O3 16-16-17 344 0.1714D-20 0.00074 0.1268D-23
35 O3 16-17-16 562 0.5899D-20 0.00037 0.2183D-23
41 N2O 14-14-16 31 0.1227D-20 0.99033 0.1215D-20
42 N2O 14-15-16 5 0.8220D-21 0.00364 0.2993D-23
43 N2O 15-14-16 3 0.2803D-21 0.00364 0.1021D-23
51 CO 12-16 1 0.8370D-22 0.98654 0.8257D-22
72 OO 16-18 4 0.1318D-24 0.00399 0.5261D-27
73 OO 16-17 35 0.1262D-24 0.00074 0.9362D-28
91 SO2 16-32-16 206 0.7068D-19 0.94568 0.6684D-19
92 SO2 16-34-16 84 0.5631D-19 0.04195 0.2362D-20
93 SO2 16-33-16 24 0.7719D-20 0.0075 0.5789D-22
94 SO2 16-32-18 7 0.3830D-20 0.0019 0.7263D-23

101 NO2 137 0.5450D-21 0.99162 0.5405D-21
121 HNO3 4777 0.1893D-18 0.98911 0.1872D-18
151 HCl 35 3 0.5102D-19 0.75759 0.3865D-19
152 HCl 37 3 0.5088D-19 0.24226 0.1233D-19
181 ClO 35 55 0.2908D-19 0.75591 0.2198D-19
182 ClO 37 36 0.9569D-20 0.24172 0.2313D-20
191 OCS 16-12-32 16 0.2296D-19 0.93739 0.2152D-19
192 OCS 16-12-34 12 0.1701D-19 0.04158 0.7073D-21
193 OCS 16-13-32 10 0.1438D-19 0.01053 0.1514D-21
201 H2CO 30 0.1400D-18 0.98624 0.1380D-18
211 HOCl 35 62 0.6756D-19 0.75579 0.5106D-19
212 HOCl 37 35 0.5387D-19 0.24168 0.1302D-19
231 HCN 1-12-14 2 0.3203D-18 0.98511 0.3155D-18
232 HCN 1-13-14 3 0.4840D-18 0.01197 0.5793D-20
233 HCN 1-12-15 2 0.2331D-18 0.00362 0.8442D-21
241 CH3Cl 35 327 0.1186D-18 0.74894 0.8880D-19
242 CH3Cl 37 238 0.1044D-18 0.23949 0.2500D-19
291 COF2 299 0.8656D-20 0.98654 0.8539D-20
331 HO2 117 0.8663D-19 0.99511 0.8621D-19
371 HOBr 79        22 0.1541D-19 0.5056 0.7790D-20
372 HOBr 81        20 0.1507D-19 0.4919 0.7414D-20
401 BrO 79 40 0.1135D-18 0.5056 0.5741D-19
402 BrO 81 46 0.1126D-18 0.4919 0.5537D-19

Total =  8932
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7. Final retrieval error analysis

The aim of this part is to repeat the retrieval error analysis using the updated database (a
result of WP501) provided by Agnes Perrin. A summary of the changes in the new database
compared to the one used in initial error analysis (results presented in Chapter 2) is given in
the followings. For more detailed description of the database content please see Chapter 6.

• The intensity values for the N2O lines, as well for H2O and O3 lines have been
recalculated.

• The results of the laboratory measurements performed at Bologna and Lille have been
incorporated in the database. This mainly concern the air broadening parameters
agam and nair of some O3 and HNO3 lines. Beside these, updates for the N2O line
at 301.443GHz have been included in the database.

• Concerning the agam parameter of HNO3 lines, when experimental data for other
lines except the measured ones in the present study were found in literature then
these have been also incorporated in the database. For the other lines the agam

parameters were calculated using a empirical approach (see Section 6), using the
experimental data.

• When no knowledge on the nair or nself parameters were available then these are set
to the default value of 0.7 (e.g., for HNO3 lines).

• New results found recent in literature (for H2O and O2) have been also incorporated.

• The new measurement results for pressure shifts have been also included in database.
This refers to a few lines, such as H2O line at 325.153GHz.

The retrieval error analysis approach is the one described in Section 2.1.1. The used instru-
mental and retrieval setup is described in Section 2.1.2., the same as for the initial error
analysis. Even only some parameters have been modified, the error analysis is carried
out once again for all the spectroscopic parameters presented in Section 2.1.7. Only some
relevant results are discussed here. The full set of results are found in AppendixV.

7.1. Intercomparison initial vs. final error analysis results

In order to see the benefits of the measurements an intercomparison between the initial
retrieval error results (presented in Chapter 2) and the one obtained using the updated
database is carried out. Discussed here are only the error terms which show to differ
from the initial ones. Since no measurements in the spectral ranges of MASTER E and
MASTER F have been performed, therefore no changes in the error analysis results, these
two bands are omitted from discussion. The results of the intercomparison for MASTER B,
MASTER C, and MASTER D are presented below.
Each figure displays the initial error analysis results (left) and final error analysis results
(right). The spectral lines associated with different error terms are tabulated in the middle.
The uncertainty before and after database update is listed in the left and right of each
spectral line. For a better clarity, the same scale has been used in the two plots displaying
the initial and final error analysis. The results for the pointing off-set retrieval are presented
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in Table 7.1. Listed are the lines and parameters, the assumed accuracy, and the generated
error on the retrieved pointing off-set before and after the updates. Only the error terms
found to differ from the initial ones (i.e., the terms connected with updated measurements)
are displayed. The pointing off-set retrieval precision in each spectral band is also listed.

7.1.1. MASTER B

Regarding the intensity error no significant differences are found, as no major changes in
the intensities have been made. A slightly different behavior is seen to have the N2O line
at 301.443 on the retrieved N2O at low altitudes (see Figure 7.1). Even the uncertainty in
the intensity of the line in concern remains the same, the small difference can be explained
by the updates of the line intensities for N2O lines. Looking at the N2O retrieval precision
(Figure 7.2) for the two sets of simulations one can see that retrieval precision for the
updated retrieval simulations is slightly degraded compared to the initial one (specially at
low altitudes) an effect of the change in the line intensity value itself (the recalculated line
intensities for N2O lines are usually approximately 6% lower than the ones quoted in the
initial database). This could explain the change in the error term due to the N2O line.
No updates of the line position have been done, therefore no changes in the retrieval results
are present. However, as shown in initial error analysis, the line positions have been found
to be accurate enough and therefore no needs to be improved.
The major differences appear for the error terms connected with the air broadening param-
eters, agam and nair. The results for agam are presented in Figures 7.3–7.6. Overall, the
total error on the retrieved quantities is decreased, a consequence of the better knowledge
of agam parameters of a few O3 lines. These are the lines found in the initial retrieval
analysis to be the most critical, namely, the O3 lines at 300.685 GHz, at 301.813GHz, and
at 303.165GHz (current accuracy for the agam of the three lines is 2% compared to initial
one of 10%). Thus, the total error on the retrieved O3 in this band is decreased, especially
at high altitudes, from 5% to less than 1% (Figure 7.3). The decrease of the error is also
due to the improvements in the parameter of N2O line at 301.443 (measurement for this
line were recently performed in Lille with an accuracy of 5%). Similar results are found for
the other retrieved quantities, such as N2O (Figure 7.4), HNO3 (Figure 7.5), temperature
(Figure 7.6), and pointing off-set (Table 7.1). The improvements in the N2O retrieval is
mainly due to the improvements in the agam parameter of the N2O line. The agam error
on HNO3 is still dominated by the parameters of the HNO3 lines themselves (Figure 7.5).
However the error is half of the initial one as the current accuracy of the agam parameter
of HNO3 lines is usually twice better compared of the ones quoted in the initial database
(10% instead of 20%).
The results for the nair are displayed in Figures 7.7–7.10. The total error generated
by nair parameters is much lowered compared to the initial results, a consequence of the
improvement in the knowledge of the parameters connected with O3 lines at 301.813GHz
and 303.165GHz (5% current accuracy compared to the initial one of 30%). The error
due to the parameter connected with the strong N2O line is also lowered as the current
accuracy is 30% instead of 50% stated in the initial database.
No changes of the self broadening parameters and pressure shift were incorporated in the
database, thus, the results remain the same as in the initial error analysis.
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7.1.2. MASTER C

No updates of the line intensities nor line positions were made in the band spectral range,
therefore the results are unchanged.
Regarding the agam error, in the initial error analysis it has been found that the total agam

error is dominated by parameters of the O3 lines at 317.195GHz and at 319.997GHz. After
measurements on these parameters have been performed, the retrieval accuracy is much
improved, as the parameters of the listed lines are known now with an accuracy of 2%
compared to 10%. Thus, the error on retrieved O3 is decreased from 10–15% to only 2–3%
(see Figure 7.11, now a slightly impact is seen from the O3 line found at 316.327GHz),
and the error on the retrieved H2O is decreased from 10% to 1% (Figure 7.12). Similar
results are found for the nair parameters, a consequence of the updates for the O3 lines at
317.195GHz (10% instead of 30%), and at 319.997GHz (5% instead 30%). Thus, the error
caused by the nair parameters is decreased from more than 6% to 2% for O3 (Figure 7.13),
and from 5% to 1–2% for H2O (Figure 7.14).
On the other side the error generated by self broadening parameters are left unchanged as
no updates on these were made.
No changes in the pressure shifts error terms are found. One has to mention again that
the updated database includes the measurements for pressure shift of a few lines, among
which the strong H2O line at 325.153GHz found in MASTER C spectral range.

7.1.3. MASTER D

No updates of the line intensities nor line positions have been made, therefore the error
caused by these parameters remain exactly the same as in the initial error analysis.
The only updates concern the air broadening parameters agam, and its temperature de-
pendence nair. Overall, the error due to agam parameters is reduced. Thus, the total error
on the retrieved O3 is reduced from more than 10% to 1-2%. The improvement is mainly
due to the improvement in the knowledge of the parameter of the O3 line at 343.506GHz
(2% compared to 10%). Regarding the retrieved CO (Figure 7.15), the impact of O2

line at 345.018GHz is reduced at altitudes around 15 km from 30% to 15% because of an
improvement in the accuracy of the O2 line parameter (5% instead 10%). The error on re-
trieved HNO3, especially in the altitude range of 20–30 km, is still dominated by the HNO3

lines parameters (Figure 7.16); however the error is somewhat reduced as the accuracy of
HNO3 lines parameters is improved. Nevertheless, the improvement in the HNO3 retrieval
is also due to the better accuracy for the parameters of the O3 lines at 343.506GHz and
343.238GHz. The error on the BrO is also drastically reduced (Figure 7.17) due to the
better knowledge in HNO3 (reduction of the error from more than 400% to 200%) and O3

lines parameters. Regarding the temperature retrieval, the total error generated by agam

is much smaller compared to the one obtained in the initial error analysis (Figure 7.18).
At altitudes where good retrieval precision is achieved, the total error is now dominated
by the parameter of the O3 line at 343.181GHz. The same findings are valid for the nair

parameters (Figures 7.19–7.21).
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Figure 7.1: Band B, N2O. Left: intensity error terms before the measurements. Right:
intensity error terms after the measurements
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Figure 7.2: Band B, N2O: Retrieval precision before and after the database update
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Figure 7.3: Band B, O3. Left: agam error terms before the measurements. Right: agam

error terms after the measurements
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Figure 7.4: Band B, N2O. Left: agam error terms before the measurements. Right: agam

error terms after the measurements
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Figure 7.5: Band B, HNO3. Left: agam error terms before the measurements. Right:
agam error terms after the measurements
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Figure 7.6: Band B, temperature. Left: agam error terms before the measurements.
Right: agam error terms after the measurements
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Figure 7.7: Band B, O3. Left: nair error terms before the measurements. Right: nair

error terms after the measurements
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Figure 7.8: Band B, N2O. Left: nair error terms before the measurements. Right: nair

error terms after the measurements
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Figure 7.9: Band B, HNO3. Left: nair error terms before the measurements. Right: nair

error terms after the measurements
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Figure 7.10: Band B, temperature. Left: nair error terms before the measurements.
Right: nair error terms after the measurements
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Figure 7.11: Band C, O3. Left: agam error terms before the measurements. Right: agam

error terms after the measurements
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Figure 7.12: Band C, H2O. Left: agam error terms before the measurements. Right:
agam error terms after the measurements
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Figure 7.13: Band C, O3. Left: nair error terms before the measurements. Right: nair

error terms after the measurements
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Figure 7.14: Band C, H2O. Left: nair error terms before the measurements. Right: nair

error terms after the measurements
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Figure 7.15: Band D, CO. Left: agam error terms before the measurements. Right: agam

error terms after the measurements
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Figure 7.16: Band D, HNO3. Left: agam error terms before the measurements. Right:
agam error terms after the measurements
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20% |HNO3−*@344.362GHz | 10%
10% |O3−*@343.181GHz | 10%
10% |O3−*@343.506GHz | 2%
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Figure 7.17: Band D, BrO. Left: agam error terms before the measurements. Right:
agam error terms after the measurements
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10% |O3−*@343.238GHz | 2%
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10% |O2−68@345.018GHz | 5%
10% |O3−*@343.181GHz | 10%
20% |HNO3−*@344.274GHz | 10%
20% |HNO3−*@344.304GHz | 10%
20% |HNO3−*@344.242GHz | 2%
20% |HNO3−*@344.333GHz | 10%
20% |HNO3−*@344.362GHz | 10%
20% |HNO3−*@344.395GHz | 10%
Total − HNO3−*
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Figure 7.18: Band D, temperature. Left: agam error terms before the measurements.
Right: agam error terms after the measurements
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Figure 7.19: Band D, CO. Left: nair error terms before the measurements. Right: nair

error terms after the measurements
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Total: nair
30% |O3−*@343.506GHz | 30%
20% |O2−68@345.018GHz | 20%
30% |O3−*@343.238GHz | 30%
30% |O3−*@343.181GHz | 30%
20% |HNO3−*@344.496GHz | 20%
20% |HNO3−*@344.274GHz | 20%
20% |HNO3−*@344.304GHz | 20%
20% |HNO3−*@344.333GHz | 20%
20% |HNO3−*@344.242GHz | 20%
20% |HNO3−*@344.362GHz | 20%
Total − HNO3−*
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Figure 7.20: Band D, HNO3. Left: nair error terms before the measurements. Right: nair

error terms after the measurements
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20% |HNO3−*@344.304GHz | 20%
20% |HNO3−*@344.333GHz | 20%
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20% |HNO3−*@344.395GHz | 20%
Total − HNO3−*
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Figure 7.21: Band D, BrO. Left: nair error terms before the measurements. Right: nair

error terms after the measurements
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30% |O3−*@343.238GHz | 30%
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20% |O2−68@345.018GHz | 20%
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20% |HNO3−*@344.242GHz | 20%
20% |HNO3−*@344.333GHz | 20%
20% |HNO3−*@344.362GHz | 20%
20% |HNO3−*@344.395GHz | 20%
Total − HNO3−*
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Figure 7.22: Band D, temperature. Left: nair error terms before the measurements.
Right: nair error terms after the measurements

Initial Final
Band Line Param.

Unc. Gen. error [m] Unc. Gen. error [m]
Retrieval precision 43 43
Total agam 90 20
N2O-*@301.443GHz agam 30% 47 5% 7
O3-*@301.813GHz agam 10% 66 2% 13

B O3-*@300.685GHz agam 10% 27 2% 5
O3-*@303.165GHz agam 10% 23 2% 5
Total nair 52 14
N2O-*@301.443GHz nair 50% 18 30% 10
O3-*@301.813GHz nair 30% 42 5% 6
O3-*@303.165GHz nair 30% 16 5% 3
Retrieval precision 61 61
Total agam 256 91
O3-*@319.997GHz agam 10% 181 2% 36
O3-*@317.195GHz agam 10% 163 2% 33
Total nair 178 103
O3-*@319.997GHz nair 30% 106 5% 17
O3-*@317.195GHz nair 30% 104 10% 28
Retrieval precision 31 31

D Total agam 22 10
O3-*@343.506GHz agam 10% 9 2% 2
O3-*@343.238GHz agam 10% 2 2% 1
O2-68@345.018GHz agam 10% 5 5% 2

Table 7.1: Initial and final impact of the spectroscopic parameters on the pointing off-set
retrieval. Listed are the lines and parameters, the assumed accuracy, and the generated
error on the retrieved pointing off-set. Only the updated error terms, and the terms found
to have still the highest impact are tabulated. The retrieval precision is also tabulated.
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7.2. Conclusions

The laboratory measurements have been brought much improvements in the retrieval ac-
curacy in the sense that the systematic errors have been drastically reduced. The error
generated on all the retrieved quantities in BandB and BandC is overall small. With the
current knowledge of the agam parameters, the O3 line at 316.327GHz is the only source
of error in BandC. However the error is not critical and the requirements for the measure-
ments for this line are with low priority. In BandD the remaining source of errors are the
O2 line at 345.018 (for CO retrieval), but also the parameters of HNO3 lines (especially
for BrO retrieval). No measurements have been performed in Band E nor Band F. The
most critical parameters in Band E are the air broadening parameters of the N2O line at
502.296GHz. In BandF the highest error is connected with the parameters of the O3 lines
at 623.688GHz and at O3 at 625.371GHz. Table 7.2 gives the status of each band and
the recommendation of the possible further measurements.
A summary of the results is given in Figures 7.23–7.28. Displayed are the retrieval preci-
sion and the total errors for each parameter.

band status
recommendation

line parameter
Band B very good
Band C very good O3@316.327GHz agam

Band D good HNO3 lines agam

O2@345.018 agam

Band E medium N2O@502.296GHz agam and nair

Band E medium O3@623.688GHz agam

O3@625.371GHz agam and nair

Table 7.2: Current status of the MASTER bands, and the recommendation for possible
further improvements

218



Precision
Total: intensity
Total: position
Total: agam

Total: sgam
Total: nair
Total: nself
Total: Psift

BAND B: Error budget on O3−*

Precision
Total: intensity
Total: position
Total: agam

Total: sgam
Total: nair
Total: nself
Total: Psift

Precision
Total: intensity
Total: position
Total: agam

Total: sgam
Total: nair
Total: nself
Total: Psift

Precision
Total: intensity
Total: position
Total: agam

Total: sgam
Total: nair
Total: nself
Total: Psift

Precision
Total: intensity
Total: position
Total: agam

Total: sgam
Total: nair
Total: nself
Total: Psift

Precision
Total: intensity
Total: position
Total: agam

Total: sgam
Total: nair
Total: nself
Total: Psift

Precision
Total: intensity
Total: position
Total: agam

Total: sgam
Total: nair
Total: nself
Total: Psift

20 40 60
10

20

30

40

50

Error [%]

A
lt

it
u

d
e 

[k
m

]

Precision
Total: intensity
Total: position
Total: agam

Total: sgam
Total: nair
Total: nself
Total: Psift

BAND B: Error budget on N2O−*
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BAND B: Error budget on HNO3−*
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BAND B: Error budget on Temperature
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Figure 7.23: Band B: Final error budget for O3, N2O, HNO3 and Temperature
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BAND C: Error budget on H2O−*
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Figure 7.24: Band C: Final error budget for O3 and H2O
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BAND D: Error budget on HNO3−*
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BAND D: Error budget on BrO−*
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BAND D: Error budget on Temperature

Precision
Total: intensity
Total: position
Total: agam

Total: sgam
Total: nair
Total: nself
Total: Psift

Precision
Total: intensity
Total: position
Total: agam

Total: sgam
Total: nair
Total: nself
Total: Psift

Precision
Total: intensity
Total: position
Total: agam

Total: sgam
Total: nair
Total: nself
Total: Psift

Precision
Total: intensity
Total: position
Total: agam

Total: sgam
Total: nair
Total: nself
Total: Psift

Precision
Total: intensity
Total: position
Total: agam

Total: sgam
Total: nair
Total: nself
Total: Psift

Precision
Total: intensity
Total: position
Total: agam

Total: sgam
Total: nair
Total: nself
Total: Psift

1 2 3 4 5 6

10

20

30

40

50

Error [K]

A
lt

it
u

d
e 

[k
m

]

Figure 7.25: Band D: Final error budget for O3, HNO3, BrO and temperature
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BAND E: Error budget on Temperature
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Figure 7.26: Band E: Final error budget for ClO and temperature
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BAND E: Error budget on O3−*
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BAND E: Error budget on N2O−*
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BAND E: Error budget on BrO−*
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BAND E: Error budget on CH3Cl−*
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Figure 7.27: Band E: Final error budget for O3, N2O, BrO, H2O, and CH3Cl
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BAND F: Error budget on HCl−*
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Figure 7.28: Band F: Final error budget for O3 and HCl
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Conclusions and recommendations

Remote sensing of the Earth's atmosphere from satellite platforms is essential for the
understanding of stratospheric ozone chemistry and climatology because the spatial
concentration of numerous trace gases can be monitored simultaneously on a global scale.
ESA/ESTEC is developing the spaceborne limb-sounding millimeter sensor "MASTER". The
mission objectives of this sensor are to perform measurements of spatially variable gases in
appropriate altitude ranges and with adequate vertical resolution. More explicitly, MASTER
will perform limb measurements in the 294-626 GHz spectral region for the some chemical
species. These molecules are either "target" molecules whose concenration will be measured
or "interfering" molecules whose emission overlap that of the target molecules. In order to
retrieve the desired targeted trace gases from the MASTER measurements the fundamental
spectral properties of the atmospheric molecules which emit microwave radiation within the
micro windows of MASTER must be known. This is true not only for the targeted species but
also for the interfering species.
First, a literature review (chapter 1) allows us to gather the published data, to critically
evaluate them, and to correct errors. The existing databases show deficiencies: they are not
updated frequently enough, they contain errors, some of them do not include line broadening
parameters (which are necessary for a retrieval analysis), there is often no estimate of the
uncertainty of the listed parameters and, finally, reference to the original work is also
frequently missing. Particularly, it appears that the intensities of a few species have to be
calculated (BrO) because they are not available, or recalculated (H2O, O3) to take into account
non-rigidity effects. It is also noticed that, for N2O and HNO3, the vibrational partition
function has been unduly neglected in the JPL database. For this latter molecule (HNO3),
there is also the need of a more accurate frequency list. For most species of interest, the
linewidths and their temperature dependence are not known in the millimeterwave and
submillimeterwave ranges. The same is true for the line shifts. However, the literature data
(including the infrared data) indicate that this last parameter should be negligible for most
species in the frequency range of MASTER.
A preliminary database is generated and used to perform forward calculations, accompanied
by the corresponding retrieval simulations combined with an error analysis (chapter 2). This
allows us to point out the parameters which have the biggest impact on the retrieval and to
work out a list of recommendations for measurements that would yield the largest possible
benefit for the MASTER instrument. The considered parameters are: line position, line
intensity, air- and self-broadening parameters and their temperature exponents, and pressure
shift.
Following this preliminary analysis, it was decided to calculate the line intensities of BrO,
H2O, O3, N2O, and HNO3. For this last molecule, a new frequency list was also generated. A
list of species and transitions to be studied experimentally was established. The most
important parameter to be determined is the air-broadening as well as its temperature
dependence. The line shift, if large, may also have a significant effect. Thus, an upper limit to
the line shift has to be determined, when possible. As the measurements of all the parameters
listed in chapter 2 would by far exceed the budget of the study, a limited list of line
broadening measurements was drawn up (chapter 3). It is restricted to the two most important
molecules: O3 and HNO3.
For ozone, the air-broadening parameters of the seven most important transitions (according
to the results of chapter 2) have to be determined at 240 K. An upper limit to the line shift has
to be estimated. Furthermore, for the three most important transitions, the temperature
dependence has also to be analyzed.
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For nitric acid, it was agreed to measure the air-broadening of nine transitions at room
temperature (it is extremely difficult to obtain reliable results for HNO3 below 0° C): they are
the strongest lines in the MASTER spectral range or they are lines of various J-values which
are then used to validate an interpolation model. The spectrum of HNO3 is indeed extremely
crowded and it is hopeless to measure all the lines which may play a non-negligible part in the
retrieval analysis. Therefore, a simple linear interpolation model was established using the
existing data and was later refined with the help of the measurements performed in the frame
of the present contract.
This experimental work was shared between the two laboratories involved (LMSB and
PhLAM). These two laboratories have a long experience of line broadening measurements
which allows them to efficiently minimize the error causes. Furthermore, cross check
measurements with different techniques of both laboratories for the O3 line at 301.813 GHz
and the HNO3 line at 344.241 GHz yielded an excellent agreement between both series of
measurements (furthermore, the O3 line at 317.195 GHz was also measured in both
laboratories at 240 K). This result is remarkable taking into account the fact that recent
intercomparisons of line broadening measurements show differences up to 20% [GAMA94].
The final results implemented into the database are given in tables 8.1 and 8.2 for ozone and
nitric acid, respectively.

TABLE 8.1. List of the line broadening measurements of ozone performed within the course of
this study (agam in MHz/Torr).

Lab. ν (MHz) J’ Ka’ Kc’ J” Ka” Kc” T (K) agam nair
PhLAM 300685 13 4 10 14 3 10 238 3.730(18)
both 301813 14 0 14 13 1 13 296 3.081(19) 0.676(20)
PhLAM 303165 7 2 6 7 1 7 296 3.287(19) 0.849(32)
both 317195 5 3 3 6 2 4 296 3.427(29) 0.580(60)
LMSB 319997 20 1 19 20 0 20 296 2.950(6) 0.722(13)
PhLAM 343238 26 2 24 25 3 23 240 3.583(26)
PhLAM 343506 4 3 1 5 2 4 240 3.689(30)

TABLE 8.2. List of the line broadening measurements at T = 296 K of nitric acid performed
within the course of this study (agam in MHz/Torr).

Laboratory ν (MHz) Assignment agam
PhLAM 316611 44d,25 ← 44d,26 3.832(77) a

PhLAM 316902 43d,25 ← 43d,26 3.820(57) a

LMSB 319222 25d,25 ← 24d,24 4.192(27)
LMSB 319897 27d,25 ← 27d,26 4.282(19)
LMSB 320005 261,25 ← 260,26 4.211(12)
LMSB 322348 1513,3 ← 1413,2 4.574(14)
both 344242 27d,27 ← 26d,26 4.181(41)
PhLAM 470233 24d,11 ← 23d,10 4.189(43)
PhLAM 544360 38d,33 ← 37d,32 3.920(34)

a Measured at T = 298 K.
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Using the best available data (from the literature review or from the present calculations and
measurements), a new database was generated. It not only includes the target molecules listed
in table 1 of the preface but also possible interfering species, namely: HOCl, HOBr, NO2,
H2O2, HO2, F2CO, OCS, HCN, and H2CO. It contains line positions, line intensities and line
shape parameters (air- and self-broadening, and air-shift, except for O2, for which N2- and O2-
broadenings are given). The accuracy of the line position is explicitely included. The accuracy
of the other parameters is specified with an integer index varying between 0 (accuracy: 200%)
and 9 (accuracy: 0.5%). Three different versions of the database were generated: an extended
one which contains all the lines, a medium one which is a selection of rather important lines,
and a small one which contains only really important lines.
Using this new database, a final retrieval error analysis has been performed. The role of
several species was pointed out and permitted recommendation for future work:

� the N2O line at 301.443 GHz had the highest impact on the retrieval accuracy in Band
B. For this reason, it was measured although it was not retained in the initial workplan.
As a consequence, the error on all retrieved quantities in Band B is small.

� The final error in Band C is overall small. An even more accurate retrieval would
request the measurements of the agam parameter of the O3 line at 316.327 GHz (with
a low priority).

� In Band D, the remaining source of errors are the O2 line at 345.018 GHz (for CO
retrieval), but also the parameters of HNO3 lines (especially for BrO retrieval).

� No measurements have been performed in Band E nor Band F. The most critical
parameters in Band E are the air broadening parameters of the N2O line at 502.296
GHz.

� In Band F the highest error is connected with the parameters of the O3 lines at 623.688
GHz and at O3 at 625.371 GHz.

Remarks
a) It has to be noted that the N2O line at 301.443 GHz, although not retained in the final
selection, has been partially (N2-broadening) studied at PhLAM, see table 4.4. Completion of
this study should be easy and could still increase the accuracy of the results. Furthermore, for
a molecule as N2O, theoretical calculations of line broadening and frequency shift are
expected to give fairly reliable results. Such calculations should be tried to interpolate
between measured J values. The measurement of the N2O line at 502.296 GHz should have a
high priority, assuming that Band E is interesting.
b) The O2 line at 345.018 GHz is a difficult problem but it can be solved provided enough
time is allocated for (see appendix IV). This study should have the highest priority.
c) The measurements for ozone do not present great difficulties and could be easily completed
(including temperature dependence). However, two points have to be noted:

• the dipole moment has not been determined for some vibrationnally excited states.
This may affect the accuracy of the line intensities and it is therefore desirable to
measure the dipole moment for at least all fundamental states.

• it is generally assumed that the line broadening is isotopically invariant. It should be
checked in the particular case of ozone.

d) The measurements for nitric acid are much more time consuming but they are certainly
extremely useful

• The interpolation model used to determine the air-broadening of HNO3 is still very
crude but it could be improved thanks to complementary measurements.

• As the spectrum of nitric acid is crowded, line mixing effects are possible. This point
should be checked.
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e) Although methyl chloride is the most abundant chlorine containing compound of natural
origine on earth, it is not in the list of recommended species but this conclusion is based on
assumed parameters. Furthermore, other studies indicate that this molecule might play a non-
negligible role. It might be useful to study the J- and K-dependence of the linewidths.
f) The continuum of water is modeled using an empirical model which relies on very few
reliable experimental data. Further studies of the continuum seem to be desirable.
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Appendix I.

Line shifts

I.1. Introduction

The pressure induced line shift effect is described by the δ parameter defined as:

σ(P,T) = σ(P0 = 0, T) + δ ⋅ P (I.1)

where, σ(P) and σ(P0 = 0) are the position of the line for a pressure P and a reference zero
pressure (P0 = 0), respectively. In Eq.(1) δ is expressed in MHz/Torr or in (cm-1/atm), the
position of the line σ in MHz or in cm-1 and the pressure in Torr or in atm. One has of course:

δ (in MHz/Torr)=  δ (in cm-1/atm)⋅(29979.2458/760) (I.2)

It is important to underline that the pressure shift δ for the considered molecule may be
positive or negative and depends strongly on the perturbing gas, on the vibrational band, on
the rotational transition, and likely on the temperature,. For example a change of sign of δ
may occur within a series of rotational transitions belonging to the same vibrational band
[GUEL78, BOUL76, GROS89].

I.2. Temperature dependence of the line shifts

The measurements and the calculation of pressure shifts was the subjects of  numerous
studies, and the list of references which are given in this report only gives a little part of the
extensive literature which is devoted to this subject. The goal of some of these studies was to
predict or to model the temperature dependence of the line shifts. In fact the situation for
pressure shifts parameters is less easy than for the pressure broadening parameters.
Actually, for the pressure induced linewidths γ(T), the interpretation of the experimental
results involve the following theoretical temperature dependence which is commonly used in
the literature:

γ(T) = γ Tref( ) T Tref( )−n
(I.3)

where γ(T) and γ(Tref) are the pressure half-width parameters at the temperatures T and Tref

respectively. Therefore this temperature dependence is described through the n temperature
dependence parameter which can be easily quoted in the database.
For the line pressure shift δ(Τ), the situation is less clear since different models were used in
the literature to describe the temperature dependence of δ(Τ).
For example, Grossmann et al. [GROSS89a, GROSS89b] use the following expression

δ(T) = δ Tref( ) T Tref( )− ′ n 
(I.4)

for the water self-shifting effect in the near infrared region. They obtained the value n' = 1.57
for this temperature dependence. To our knowledge, it does not exist any temperature
dependence for the air-shift effect for water.
A different approach was used in Ref. [FROS76] to model different lineshifts in the
microwave region. Frost proposes to use either the expression:
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δ(T) = C
T x (I.5.a)

or
δ(T) = C

T x (1+ A ln T) (I.5.b)

The more complicated form which is given in expression Eq.(I.5.b) is to be used if changes of
sign have to be considered. The constants C, x and A are to be determined by fitting the
observed pressure shifts for different temperatures.
It should be emphasized that no physical significance is claimed for either Eq. (I.4) or
Eqs.(I.5)
Finally, a review of different existing self-shift parameters for some rotational transitions of
OCS, CH3CCH (propyne), CH3Cl, CH3Br and CH3I was performed in [WENS81]. For the
molecules investigated at this occasion it proved that neither the models given by Eq.(I.4) or
in Eq. (I.5) give satisfactory results.

Some very recent approaches are also under development. These sophisticated calculations
which are performed for water, carbon dioxide and ozone require to use the complex Robert-
Bonamy (CBR) formalism (See Refs. [GAMA85, GAMA97, GAMA98a, GAMA98b,
GAMA00, GAMA01, LYNC96, LYNC98] and references therein). These calculations which
are rather complex are time consuming. To illustrate the complexity of interpreting such
results, Table I.1 gives the calculated air- pressure shifts for two lines of water, namely the
203.4 GHz (31,3 ← 22,0 of H2

18O) and 325.1GHz ( 51,4 ←  42,2 of H2
16O). These shifts were

computed from the results of Colmont et al. [COLM99] by using the expression:

δ(air) = 0.79δ(N2) + 0.21δ(O2) (I.6)

TABLE I.1. calculated air-pressure shift for two water lines
(from [COLM99])

T/K δair(T)
(MHz/torr)

δair(T) )
(MHz/torr)

203.4 GHz
31,3←22,0 of H2

18O
325.1GHz

51,4 ←42,2 of H2
16O

200 -0.212 -0.115

250 -0.166 -0.138
296 -0.126 -0.151
300 -0.124 -0.152
400 -0.082 -0.151

From this table it is clear that the temperature dependence of δair(T) cannot be modeled
properly by using Eq. (I.4).

As an example of a completely different behavior one can quote the experimental result
obtained in Ref. [MARK95]. For the 556.9GHz ( 11,0 ← 10,1 of H2

16O), the measured air shift
is actually:

δ(air) = +0.307(4) MHz/Torr (I.7)

This value differs very significantly (in value and in sign) from the values calculated for the
lines at 203.4 and 325.1 GHz.
This "apparent" contradiction is most probably due to the fact that the pressure shift is usually
very different (with possible change of sign) from one given transition to the other one
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[BOUL02, GAMA02], and this type of "strange" behavior is very usually observed in the
infrared region [RINS91b].

I.3. Estimation of the order of magnitude of the line shift in the millimeterwave range

3.1. CO at 345.796 GHz (J = 3 ← 2)

The line shift of the following line (5 ← 4) at 576.3 GHz was measured by Markov et al.
[MARK02]. The determined values are: δ(N2) = 5(5) kHz/Torr and δ(O2) = 6(6) kHz/Torr.
They seem to be reliable and they show that, although the shift is not significantly determined,
it is likely to be small.
A recent theoretical work on line shift and line broadening [LUO01] shows that the line shift
of a rotational transition may be approximately estimated from the line shifts of the
corresponding P and R rovibrational transitions

δ rot (m) =
1

2
δR (m) −δP (−m)[ ] (I.8)

where, as usual, m = J" + 1 for a R line and m = –J" for a P line. The line shifts of the R and P
lines have been measured several times.[BOUA96a, BOUA96b, SUMPF98]. This will allow
us to estimate the shift of the rotational lines, see table I.2.

TABLE I.2. Lineshift coefficients of CO at 296.5 K

N2 O2

m δ(P) a δ(R) ) a δ1
 b δ2

 c δ(P) ) a δ(R) ) a δ1
 b δ2

 c Ref.

6 -1.97 -1.67 -0.15 -5.9 -2.09 -1.65 -0.22 -8.7 BOUA96a
5 -1.28 -1.54 0.13 5.1 -1.54 -2.15 0.31 12.0
4 -1.31 -1.33 0.01 0.4 -1.36 -1.65 0.15 5.7
3 -0.78 -1.67 0.45 17.6 -0.61 -1.17 0.28 11.0
2 -0.68 -1.38 0.35 13.8 -0.69 -1.12 0.22 8.5
1 -0.99 -1.08 0.05 1.8 -0.99 -1.11 0.06 2.4

3 -2.2 -0.8 -0.7 -28(17) -1.6 -1.0 -0.30-12(20) SUMP98

3 -3.58 -3.39 -0.1 -4(4) -3.59 -3.44 -0.08 -3(7) BOUA96b
a Experimental value in 10-3 cm-1⋅atm-1.
b Estimated with Eq. (I.8), in 10-3 cm-1⋅atm-1.
c Estimated with Eq. (I.8), in kHz/Torr.

This table confirms that the frequency shift of the rotational lines is indeed small, although the
estimated values are inaccurate. The median of absolute values gives δ(N2) = 4 kHz/Torr and
δ(O2) = 6 kHz/Torr (the standard deviation may be estimated by multiplying the median by
1.8). Taking into account these results, the line shift (due to air) is likely to be smaller than 20
kHz/Torr for the lines of interest.
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3.2. OZONE

Several ozone lines were previously studied at PhLAM [PRIE00b]. A calculation [DROU04b]
based on the complex semiclassical theory of Robert and Bonamy indicates that the line shift
(due to air) is smaller than 10 kHz. This small value is confirmed by the lack of success of our
measurements. Taking into account the uncertainty of the calculation, the line shift (due to
air) is likely to be smaller than 20 kHz/Torr for the lines of interest.

3.3. NITROUS OXIDE (N2O)

Previous measurements at PhLAM (and elsewhere) indicate that the line shift of N2O is quite
small which explains the absence of published values. On the other hand, the line shift has
been extensively studied in the infrared range (see chapter 1 and Ref. [TOTH00b]). Using Eq.
(I.8), the line shift of a rotational transition may be estimated from the line shifts of the
corresponding P and R rovibrational transitions. The conclusion of Toth [TOTH00b] on his
work on the frequency-shifts of N2O in the infrared is that: "on the average, no differences
were observed between P- and R- branch lines with the same value of |m|". This confirms the
smallness of the line shift for N2O where , the line shift (due to air) is likely to be smaller than
20 kHz/Torr for the lines of interest.

3.4. WATER (H2O)

Several H2O lines were previously studied at PhLAM [COLM99]. During this study, the line
shifts (due to air) of two water lines (31,3 ← 22,0 at 203.4 GHz and 51,4 ← 42,2 at 325.1 GHz)
was calculated for several temperatures. This calculation gives an upper limit of 212 kHz for
the line shift (which is negative in all cases). On the other hand, the line shift of the 11,0 ← 101

at 556.9 GHz was experimentally determined [MARK95]. The result, δ(air) = +307(4)
kHz/Torr is suspicious for two reasons: i) its high accuracy is extremely unlikely ii) the sign
of the experimental value is opposite to those of the calculated values (although the line shift
may change of sign from one transition to the other one).
We recommend to use 300 kHz/Torr as upper limit.

3.5. HCl

The line shift of the rotational transition, J = 4 ← 3, at 2.5 THz has been been measured
[PARK91]. The reported value, δ(air) = 110(3) kHz/Torr at 296 K seems to be reliable. The
line shift of the J = 1 ← 0 transition could be of opposite sign and/or larger. However, using
Eq. (I.8) and the experimental results of the v = 1 ← 0 band [PINE87], it appears that the line
shift of lower J-transitions is not significantly larger. This is confirmed by the recent
measurement of this lineshift [DROU04a], the result is: δ(air) = 146(3) kHz/Torr at 296 K.

3.6. MOLECULAR OXYGEN (O2)

For this molecule, it is more difficult to make an estimation. However, the line shift has
already been measured in the infrared [PHIL95]. Here again, the differences between P- and
R- branch lines with the same value of |m| are quite small, indicating that the rotational line
shift should be small. An upper limit of 50 kHz/Torr seems reasonable.
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3.7. METHYL CHLORIDE (CH3Cl)

The self-shift of the J = 1 ←  0 transition of CH3Cl has been reasured several times
[MACG76]. The reported values are in good agreement with a mean value of δ(CH3Cl) =
970(100) kHz/Torr. Taking into account the facts that the self-shift is expected to be much
larger than the shift due to air and that the shift is usually larger for the low-J transitions, a
rough upper limit of δ(air) amy be estimated to be around 300 kHz/Torr.

4. Conclusion

The general conclusion from this study in the literature is that the pressure shift, for pure
rotational lines, is usually small and can be either positive or negative. Because of its erratic
rotational dependence the value of the shift is unpredictable (in value and sign) from one
given transition to the other one.
It is clear that the temperature dependence of the pressure shift cannot be modeled
satisfactorily using "simple models". There exist more sophisticated models which use the
complex Robert-Bonamy approach mainly in the infrared or near infrared region, but these
models are difficult to handle.
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Appendix II.

Relative difference between Voigt and Galatry profiles

II.1. Objective

The objective is to assess if Voigt and Galatry profiles are equivalent in the pressure regime
of MASTER observations. The usual Voigt profile accounts for both the inhomogeneous
broadening due to Doppler effect and the homogeneous broadening due to collisional
relaxation, whereas the Galatry profile also considers the reduction of the Doppler broadening
due to the effect of velocity-changing collisions via a soft-collision model [VARG84].

II.2. Test parameters

It has been considered the J = 3 ← 2 transition of CO at 345 796 MHz broadened by N2 at the
reference temperature of 296 K, the broadening [CP = 2.751(51) MHz/Torr] and the
narrowing coefficients [Cz = 1.27(45) MHz/Torr] were obtained by Puzzarini et al. [PUZZ02]
by fitting spectra recorded at pressures up to 0.425 Torr to a model Galatry function;
analogous coefficients are also available from the paper by Priem et al. [PRIE00b]. The
Gaussian halfwidth has a value of 402.6 kHz.

II.3. Procedure

Spectral profiles have been simulated in the pressure range 1-20 000 Pa using a Galatry
lineshape, then they have been fitted, in the least-squares sense, to a Voigt function and the
recovered collisional halfwidths (∆νL

Voigt) have been compared to the “true” linewidths
(∆νL

Gal) assumed in the simulation. The figure displays the relative difference

II.4. Comments
From the results displayed in the figure, it may be inferred that for pressures above 10 hPa,
the range of interest for MASTER observations, the Voigt and the Galatry profiles are
equivalent as far as collisional linewidth is concerned.
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Appendix III.

Pressure broadened linewidths of nitric acid (HNO3)

III.1. Introduction

The purpose of the present appendix is to propose a method for describing the pressure
broadening linewidths parameters for HNO3.  The results of the chapter 1 can be resumed in
the following way.

III.2. Self-broadening

Although the HNO3 self-broadening coefficient is rather large (between 27 and 35 MHz/Torr)
this effect may be neglected because of the low concentration of HNO3 in the atmosphere.

III.3. Air- N2-  and O2- line broadening parameters

The only existing line broadening calculation was performed some years ago by Tejwani and
Yeung [TEJW78]. Since this historical work, performed using the Anderson theory, no line
broadening calculation was performed to our knowledge.
There exist few line broadening measurements for HNO3. The most accurate were performed
in the microwave or submillimeter spectral region [GOYE88b, GOYE91, GOYE98, ZU02],
since these measurements were performed for well isolated lines. Unfortunately, most of these
works were performed at room temperature, this is understandable since at low temperature
the HNO3  vapor pressure becomes very low (and the adsorption very important).
Depending on the rotational transition, the nitrogen- and oxygen- broadening coefficients are
between γN2 = 4.17 MHz/torr and 4.88 MHz/torr and between γO2 = 2.31 MHz/torr and
2.96MHz/torr, respectively. The only n-temperature dependence obtained is nN2 = 0.64 to 0.74
and nO2 = 0.67 to 0.84 for N2 and O2, respectively [GOYE91, GOYE98].
Table III.1 gives the list of measured line broadening parameters which were obtained in the
microwave region. This table also include the values of the  n-temperature dependence
parameters when these data are existing.

III.4. Discussion

As it was stated in chapter 1, the HNO3 linelist for MASTER involves a large set of rotational
transitions involving an extended set of rotational transitions.  It is therefore necessary to
generate these parameters  using a method which is accurate, rather quick (less than one year)
and realistic. We discussed extensively on this subject with Dr. Christian Boulet and Dr. Jean-
Michel Hartmann from the Photophysique Moléculaire Laboratory (LPPM).
The only existing line widths calculations for HNO3 were performed more than twenty years
ago by Tejwani and Young [TEJW78]. These data cannot be used because the calculations
which are using the Anderson "classical" theory are not very accurate. For HNO3 the solution
which consists in performing a new one more accurate systematic calculation of the air -
broadening parameters is completely unrealistic for HNO3 within the present contract.  Such
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calculation would need more than two years of work (writing of the code, validation of the
results with suitable experimental data, etc...).
Therefore the only realistic solution is to generate the data by an empirical model which is
able to reproduce as well as possible the observed line broadening parameters.
When looking  to these experimental γN2 and γO2  data quoted in Table III.1, there is clearly a
J- dependence (see Figures III.1 and III.2 for γN2 and γO2, respectively): for both for γN2 and
γO2  there exists a slow decreasing of the linewidths for J". This J" decreasing  begins less
obvious for the high J" value, and the reason for that is, at high J", the model of "hard
spheres" collision is applicable.
On the other hand  the Ka (or Kc) dependence is not obvious.
We propose to use the following model:
For low and medium J" values:

γN2
= aN2

+ bN2
′ ′ J (III.1a)

γO2
= aO2

+ bO2
′ ′ J (III.1b)

For high J" values (J" > JN2

Max  and J" > JO2

Max  for N2 and O2, respectively):

γN2
= cN2

= constant (III.2a)

γO2
= cO2

= constant (III.2b)

This model is proposed in Figures III.1 and III.2 for N2 and O2, respectively. In both cases the
calculation is performed for JMax ~25. This is the model that we propose to apply for
MASTER.
We therefore recommended to perform line broadening measurements for the stronger HNO3

lines in the MASTER spectral range. These lines are grouped in cluster involving the same
2J" - K"c = constant values, and which are centered  around
for 2J" - K"c = 22 around 294198 MHz (23d,23 ← 22d,22)
for 2J" - K"c = 24 around 319221 MHz (25d,25 ← 24d,24)
for 2J" - K"c = 26 around 344241 MHz (27d,27 ← 26d,26)

We proposed that line broadening for rather high J" values (J >~35) to be performed also in
order to validate the model given in Figures III.1 and III.2. For example, it is important to
determine the JMax and these measurements may have to be performed outside the spectral
range of MASTER provided they increase the validation of the model.
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Table III. 1: List of the measured linewidths

ν (MHz) J' Ka' Kc' J" Ka" Kc" γO2 nO2 γN2 nn2

GOYE88 231778 14 d 10 13 d 9 3.24 4.96
GOYE88 231627 18 d 18 17 d 17 2.97 4.57
GOYE88 281782 19 d 16 18 d 15 3.26 4.59
GOYE88 281685 22 d 22 21 d 21 2.85 4.19
GOYE88 369487 22 d 15 21 d 14 3.25 4.62
GOYE88 444556 26 d 17 25 d 16 3.02 4.4
GOYE88 457042 27 d 18 26 d 17 2.93 4.27
GOYE88 369258 29 d 29 28 d 28 3.19 4.03
GOYE88 444284 35 d 35 34 d 34 2.99 4.08
GOYE88 456784 36 d 36 35 d 35 2.99 4.21
GOYE88 235168 11 9 3 10 9 2 3.36 4.62
GOYE88 232179 12 6 6 11 6 5 3.54 5.3
GOYE88 284871 13 11 2 12 11 1 3.42 4.87
GOYE88 283003 14 8 6 13 8 5 3.5 4.88
GOYE88 370541 18 12 7 17 12 6 3.14 4.77
GOYE88 453822 20 15 5 19 15 4 3.17 3.90
GOYE91 231627 18 d 18 17 d 17 3.01@300K 0.69 4.71@300K 0.64
GOYE91 369487 22 d 15 21 d 14 3.17@300K 0.84 4.51@300K 0.74
GOYE91 369258 29 d 29 28 d 28 2.91@300K 0.67 4.20@300K 0.67
GOYE98 206595 16 d 16 15 d 15 3.18@300K 0.75 4.76@300K 0.69
GOYE98 206663 14 d 12 13 d 11 3.52@300K 0.76 5.08@300K 0.57
GOYE98 206703 13 d 10 12 d 9 3.41@300K 0.75 5.20@300K 0.65
GOYE98 219037 24 8 17 24 8 16 3.18@300K 0.86 4.49@300K 0.88
GOYE98 218896 25 9 17 25 9 16 3.19@300K 0.73 4.65@300K 0.73
GOYE98 218739 26 10 17 26 10 16 3.21@300K 0.85 4.49@300K 0.85

ZU02 686635 32 28 4 31 28 3 2.96 4.17
ZU02 686579 32 28 5 31 28 4 2.86 4.73
ZU02 686157 31 22 9 30 22 8 2.28 4.47
ZU02 684157 32 28 4 31 28 3 3.16 4.44
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Figure III.1. Variation of the HNO3 line broadening parameter γN2 as a function of J".

Figure III.2. Variation of the HNO3 line broadening parameter γO2 as a function of J".
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Appendix IV.

16O-18O investigation

At the meeting in Lille (March 21st) the LSMB laboratory was encharged to investigate about
the feasibility of the determination of the O2- and N2-broadening coefficients for the N,J = 3,2
← 1,1 rotational line of 16O-18O.
As it is well known, the O2 rotational spectrum is quite weak since only magnetic dipole type
transitions are allowed and, consequently, these transitions are about 5 orders of magnitude
weaker than the usual electric dipole transitions. Moreover, since the isotopic abundance of
18O is only 0.2%, the 16O-18O rotational spectrum cannot be observed in natural abundance.
Consequently, the most convenient way is to prepare the 16O-18O isotopic species directly into
the cell starting from a mixture 1:1 of  16O2 and 18O2 by applying a DC discharge. This means
that, in the most optimistic case, only the 50% of the sample obtained in such a way is 16O-
18O. In addition, taking also into account the nuclear spin statistic, on the whole  the rotational
transitions of 16O-18O are at least 4 times weaker than those of the main isotopomer 16O2.
In view of these problems, in order to test the feasibility of this study, first of all, it has been
decided to analyse the self-broadening of the N,J = 3,2 ← 1,1 rotational transition of the most
abundant isotopic species 16O-16O.
As expected the line has been found to be very weak but, unfortunately, strongly perturbed by
the earth magnetic field. In fact, the line results to be a triplet and the effect of the magnetic
field increases by expanding the cell length. This means that in addition to the earth magnetic
field also that due to the presence of all the instrumental apparatus of the lab produces a
frequency shift of the magnetic hyperfine components of the line. This is well represented by
Figure IV.1, where the spectra recorded in the 1.5 m and 3 m long cells are compared.

Figure IV.1. The N, J = 3,2 ← 1,1 rotational transition of 16O-16O recorded in the 1.5 m long
cell (on the left) and in the 3 m long cell (on the right).

Any attempts to compensate the undesired magnetic field were unsuccessful because of the
length of the cell that cannot be reduced too much due to the weakness of the transition.
Anyway, we decided to analyse the line profile taking into account the splitting due to the
magnetic field, but also this attempt was unsuccessful as the line profile does not correspond
to a Voigt or Galatry profile. In fact, as shown in Figure IV.2, the line width does not enlarge
by increasing the pressure as it should be. This behaviour may be explained by the fact that
the collisional coupling effects play an important role under the actual experimental
conditions.
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Figure IV.2. The N, J = 3,2 ← 1,1 rotational transition of 16O-16O recorded at different values
of pressure employing a modulation depth of 400 kHz (on top) and of 800 kHz (on bottom).

As depicted in Figure IV.3, we have also tried to analyse the line profile employing the
Pickett’s method, but it also gives unphysical results, i.e., a negative value of the pressure
broadening coefficient has been found.
In order to overcome these problems, there are two different solutions:
a) The first one, could be the replacement of the absorption cell with a Fabry-Perot
interferometer with a mirrors separation of 10-20 cm. On one hand, this short distance allows
a good compensation of the external magnetic field, on the other hand, the interferometer
allows to observe very weak transitions with a good signal to noise ratio.
b) The second solution could be to keep the absorption cells as they actually are, but to
implement a computer program that takes care of the line profile modifications due to the
collisional coupling effects. In this way, a correct analysis of the line profile is feasible.
Both solutions have been found to be not practicable in a short time so that it has been
decided (mid-term meeting in ESTEC – May 16th) to drop the study of the N,J = 3,2 ← 1,1
rotational transition of 16O-18O.
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Figure IV.3. The N, J = 3,2 ← 1,1 rotational transition of 16O-16O analysed with Pickett’s
method. The self-broadening coefficient obtained is also reported.
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Appendix V.

Final retrieval results

Figures V.1–V.83 present the full set of results for the error analysis using the updated
database. The right plot of each figure displays the error caused on one retrieved quantity
by one parameter of one individual line (lines listed in the right of the plot), in decreasing
order of their contributions at the total error. The retrieval precision (defined by equa-
tion 2.14) is also included. For the clarity, two x-axis are displayed in each plot; the bottom
x-axis refers the error caused by spectroscopic parameter on the retrieved quantity (in [%]
for the species, and in [K] for temperature), while the top x-axis refers to the retrieval
precision (in [%] for the species, and in [K] for temperature). Only the terms which have a
contribution higher than 5% to the total error are displayed. The right plot of each Figure
displays the total errors associated with the lines parameters of the same molecular species
(e.g., total O3 is the cumulated error coming from all O3 lines included in the database).
Displayed is only the altitude range for which a measurement response of the retrieved
quantity in question better than 0.3 is achieved.
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Figure V.1: Final error analysis. Band B, O3: Individual line intensity error (left) and
total intensity error (right).
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Figure V.2: Final error analysis. Band B, N2O: Individual line intensity error (left) and
total intensity error (right).
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Figure V.3: Final error analysis. Band B, HNO3: Individual line intensity error (left) and
total intensity error.
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Figure V.4: Final error analysis. Band B, Temperature: Individual line intensity error
(left) and total intensity error.
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Figure V.5: Final error analysis. Band B, O3: Individual line position error (left) and
total line position error.
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Figure V.6: Final error analysis. Band B, O3: Individual agam error (left) and total agam

error (right).
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Figure V.7: Final error analysis. Band B, N2O: Individual agam error (left) and total
agam error (right).
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Figure V.8: Final error analysis. Band B, HNO3: Individual agam error (left) and total
agam error (right).
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Figure V.9: Final error analysis. Band B, Temperature: Individual agam error (left) and
total agam error.
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Figure V.10: Final error analysis. Band B, O3: Individual nair error (left) and total nair

error (right).
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Figure V.11: Final error analysis. Band B, N2O: Individual nair error (left) and total nair

error (right).
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Figure V.12: Final error analysis. Band B, HNO3: Individual nair error (left) and total
nair error (right).
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Figure V.13: Final error analysis. Band B, Temperature: Individual nair error (left) and
total nair error (right).
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Figure V.14: Final error analysis. Band B, Temperature: Individual sgam error (left) and
total sgam error (right).
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Figure V.15: Final error analysis. Band B, Temperature: Individual nself error (left) and
total nself error (right).
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Figure V.16: Final error analysis. Band B, O3: Individual pressure shift error (left) and
total pressure shift error (right).
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Figure V.17: Final error analysis. Band B, N2O: Individual pressure shift error (left) and
total pressure shift error (right).
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Figure V.18: Final error analysis. Band B, HNO3: Individual pressure shift error (left)
and total pressure shift error (right).
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Figure V.19: Final error analysis. Band B, Temperature: Individual pressure shift error
(left) and total pressure shift error.
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Figure V.20: Final error analysis. Band C, O3: Individual pressure shift error (left) and
total pressure shift error.
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Figure V.21: Final error analysis. Band C, H2O: Individual line intensity error (left) and
total intensity error.
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Figure V.22: Final error analysis. Band C, H20: Individual line position error (left) and
total line position error.
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Figure V.23: Final error analysis. Band C, O3: Individual agam error (left) and total
agam error.
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Figure V.24: Final error analysis. Band C, H2O: Individual agam error (left) and total
agam error.
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Figure V.25: Final error analysis. Band C, O3: Individual nair error (left) and total nair

error.
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Figure V.26: Final error analysis. Band C, H2O: Individual nair error (left) and total nair

error.
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Figure V.27: Final error analysis. Band C, O3: Individual pressure shift error (left) and
total pressure shift error.
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Figure V.28: Final error analysis. Band C, H2O: Individual pressure shift error (left) and
total pressure shift error.
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Figure V.29: Final error analysis. Band D, O3: Individual line intensity error (left) and
total intensity error (right).
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Figure V.30: Final error analysis. Band D, CO: Individual line intensity error (left) and
total intensity error (right).
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Figure V.31: Final error analysis. Band D, HNO3: Individual line intensity error (left)
and total intensity error (right).
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Figure V.32: Final error analysis. Band D, BrO: Individual line intensity error (left) and
total intensity error (right).
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Figure V.33: Final error analysis. Band D, Temperature: Individual line intensity error
(left) and total intensity error.
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Figure V.34: Final error analysis. Band D, CO: Individual agam error (left) and total
agam error.
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Figure V.35: Final error analysis. Band D, HNO3: Individual agam error (left) and total
agam error (right).
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Figure V.36: Final error analysis. Band D, BrO: Individual agam error (left) and total
agam error.
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Figure V.37: Final error analysis. Band D, Temperature: Individual agam error (left)
and total agam error (right).
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Figure V.38: Final error analysis. Band D, HNO3: Individual nair error (left) and total
nair error (right).

253



20 40 60 80 100120140
22

24

26

28

30

spectro. error [%] 

 a
lt

it
u

d
e 

[k
m

]
0 20 40 60 80

retrieval precision [%]  NAIR: Error on BrO−*

Total: nair
O3−*@343.181GHz | 30%
O3−*@343.238GHz | 30%
HNO3−*@344.242GHz | 20%
HNO3−*@344.274GHz | 20%
HNO3−*@344.304GHz | 20%
O2−68@345.018GHz | 20%
HNO3−*@344.333GHz | 20%
HNO3−*@344.362GHz | 20%
HNO3−*@344.395GHz | 20%
HNO3−*@344.602GHz | 20%
HNO3−*@344.602GHz | 20%
O3−*@343.506GHz | 30%
Retrieval Precision 

Total: 
HNO3−*
O3−*
O2−68
CH3Cl−*
CO−*
BrO−*
HCN−*
SO2−*
NO2−*
OCS−*
ClO−*
COF2−*
H2O−*
HOBr−*
HO2−*

0 100 200
22

24

26

28

30

spectro. error [%] 

Figure V.39: Final error analysis. Band D, BrO: Individual nair error (left) and total nair

error.
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Figure V.40: Final error analysis. Band D, Temperature: Individual nair error (left) and
total nair error (right).
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Figure V.41: Final error analysis. Band D, Temperature: Individual sgam error (left)
and total sgam error (right).
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Figure V.42: Final error analysis. Band D, Temperature: Individual nself error (left) and
total nself error.
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Figure V.43: Final error analysis. Band D, CO: Individual pressure shift error (left) and
total pressure shift error (right).
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Figure V.44: Final error analysis. Band D, HNO3: Individual pressure shift error (left)
and total pressure shift error.
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Figure V.45: Final error analysis. Band D, BrO: Individual pressure shift error (left) and
total pressure shift error.
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Figure V.46: Final error analysis. Band D, Temperature: Individual pressure shift error
(left) and total pressure shift error (right).
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Figure V.47: Final error analysis. Band E, O3: Individual line intensity error (left) and
total intensity error (right).
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Figure V.48: Final error analysis. Band E, N2O: Individual line intensity error (left) and
total intensity error.
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Figure V.49: Final error analysis. Band E, H2O: Individual line intensity error (left) and
total intensity error.
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Figure V.50: Final error analysis. Band E, ClO: Individual line intensity error (left) and
total intensity error (right).
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Figure V.51: Final error analysis. Band E, BrO: Individual line intensity error (left) and
total intensity error.
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Figure V.52: Final error analysis. Band E, CH3Cl: Individual line intensity error (left)
and total intensity error (right).
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Figure V.53: Final error analysis. Band E, Temperature: Individual line intensity error
(left) and total intensity error.
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Figure V.54: Final error analysis. Band E, O3: Individual agam error (left) and total
agam error (right).

200 400 600
10

20

30

40

spectro. error [%] 

 a
lt

it
u

d
e 

[k
m

]

0 50 100

retrieval precision [%]  AGAM: Error on N2O−*

Total: agam
N2O−*@502.296GHz | 30%
O3−*@497.973GHz | 10%
H2O−*@503.569GHz | 20%
H2O−*@504.483GHz | 20%
Retrieval Precision 

Total: 
N2O−*
H2O−*
O3−*
CH3Cl−*
HNO3−*
ClO−*
SO2−*
OCS−*
H2CO−*
COF2−*
HOCl−*
BrO−*
NO2−*
HOBr−*0 500 1000

10

20

30

40

spectro. error [%] 

Figure V.55: Final error analysis. Band E, N2O: Individual agam error (left) and total
agam error (right).
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Figure V.56: Final error analysis. Band E, H2O: Individual agam error (left) and total
agam error (right).

259



20 40 60 80 100
20

30

40

50

spectro. error [%] 

 a
lt

it
u

d
e 

[k
m

]

0 50 100

retrieval precision [%]  AGAM: Error on ClO−*

Total: agam
N2O−*@502.296GHz | 30%
O3−*@501.476GHz | 10%
O3−*@497.973GHz | 10%
O3−*@501.112GHz | 10%
O3−*@497.098GHz | 2%
H2O−*@503.569GHz | 20%
O3−*@505.369GHz | 10%
O3−*@505.257GHz | 5%
O3−*@500.793GHz | 10%
Retrieval Precision 

Total: 
N2O−*
O3−*
H2O−*
ClO−*
CH3Cl−*
HNO3−*
SO2−*
OCS−*
H2CO−*
COF2−*
HOCl−*
BrO−*
NO2−*
HOBr−*0 100 200

20

30

40

50

spectro. error [%] 

Figure V.57: Final error analysis. Band E, ClO: Individual agam error (left) and total
agam error (right).
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Figure V.58: Final error analysis. Band E, BrO: Individual agam error (left) and total
agam error.
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Figure V.59: Final error analysis. Band E, CH3Cl: Individual agam error (left) and total
agam error.

260



2 4 6 8 10

10

20

30

40

50

spectro. error [K] 

 a
lt

it
u

d
e 

[k
m

]
0 2 4 6

retrieval precision [K]  AGAM: Error on Temperature

Total: agam
N2O−*@502.296GHz | 30%
O3−*@505.369GHz | 10%
O3−*@505.257GHz | 5%
O3−*@497.973GHz | 10%
H2O−*@503.569GHz | 20%
O3−*@497.098GHz | 2%
O3−*@505.113GHz | 10%
O3−*@498.748GHz | 0.5%
Retrieval Precision 

Total: 
N2O−*
O3−*
H2O−*
CH3Cl−*
HNO3−*
H2CO−*
OCS−*
ClO−*
SO2−*
BrO−*
HOCl−*
COF2−*
NO2−*
HOBr−*0 10 20

10

20

30

40

50

spectro. error [K] 

Figure V.60: Final error analysis. Band E, Temperature: Individual agam error (left)
and total agam error (right).
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Figure V.61: Final error analysis. Band E, O3: Individual nair error (left) and total nair

error.
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Figure V.62: Final error analysis. Band E, N2O: Individual nair error (left) and total nair

error.
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Figure V.63: Final error analysis. Band E, ClO: Individual nair error (left) and total nair

error.
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Figure V.64: Final error analysis. Band E, H2O: Individual nair error (left) and total nair

error.
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Figure V.65: Final error analysis. Band E, BrO: Individual nair error (left) and total nair

error.
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Figure V.66: Final error analysis. Band E, CH3Cl: Individual nair error (left) and total
nair error.
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Figure V.67: Final error analysis. Band E, Temperature: Individual nair error (left) and
total nair error (right).
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Figure V.68: Final error analysis. Band E, Temperature: Individual sgam error (left) and
total sgam error (right).
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Figure V.69: Final error analysis. Band E, Temperature: Individual nself error (left) and
total nself error.
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Figure V.70: Final error analysis. Band E, O3: Individual pressure shift error (left) and
total pressure shift error.
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Figure V.71: Final error analysis. Band E, N2O: Individual pressure shift error (left) and
total pressure shift error.

264



10 20 30
10

20

30

40

50

spectro. error [%] 

 a
lt

it
u

d
e 

[k
m

]
0 50 100

retrieval precision [%]  PSHIFT: Error on H2O−*

Total: Pshift
H2O−*@503.569GHz |0.30MHz/Torr
N2O−*@502.296GHz |0.02MHz/Torr
HNO3−*@503.944GHz |1MHz/Torr
HNO3−*@503.434GHz |1MHz/Torr
H2O−*@504.483GHz |0.30MHz/Torr
O3−*@497.098GHz |0.02MHz/Torr
CH3Cl−*@504.565GHz |0.30MHz/Torr
CH3Cl−*@504.565GHz |0.30MHz/Torr
HNO3−*@505.055GHz |1MHz/Torr
CH3Cl−*@504.565GHz |0.30MHz/Torr
HNO3−*@499.212GHz |1MHz/Torr
CH3Cl−*@504.565GHz |0.30MHz/Torr
Retrieval Precision 

Total: 
H2O−*
HNO3−*
N2O−*
CH3Cl−*
O3−*
ClO−*
BrO−*
H2CO−*
OCS−*
SO2−*
COF2−*
HOCl−*
NO2−*
HOBr−*0 20 40

10

20

30

40

50

spectro. error [%] 

Figure V.72: Final error analysis. Band E, H2O: Individual pressure shift error (left) and
total pressure shift error (right).
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Figure V.73: Final error analysis. Band E, BrO: Individual pressure shift error (left) and
total pressure shift error (right).
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Figure V.74: Final error analysis. Band E, CH3Cl: Individual pressure shift error (left)
and total pressure shift error.
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Figure V.75: Final error analysis. Band E, Temperature: Individual pressure shift error
(left) and total pressure shift error.
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Figure V.76: Final error analysis. Band F, O3: Individual line intensity error (left) and
total intensity error (right).
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Figure V.77: Final error analysis. Band F, HCl: Individual line intensity error (left) and
total intensity error (right).
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Figure V.78: Final error analysis. Band F, O3: Individual line intensity error (left) and
total intensity error (right).
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Figure V.79: Final error analysis. Band F, HCl: Individual agam error (left) and total
agam error (right).
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Figure V.80: Final error analysis. Band F, O3: Individual nair error (left) and total nair

error (right).
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Figure V.81: Final error analysis. Band F, HCl: Individual nair error (left) and total nair

error (right).
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Figure V.82: Final error analysis. Band F, O3: Individual pressure shift error (left) and
total pressure shift error.
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Figure V.83: Final error analysis. Band F, HCl: Individual pressure shift error (left) and
total pressure shift error (right).
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