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Abstract

The partition function plays a major role as it mainly governs the dependence of the spectral line strength
(or line intensity) on the temperature. A wrong partition function will lead to an incorrect line strength, which
will lead to a systematic error in the retrieval. Therefore, a careful investigation of the available partition
function data and the sensitivity of the retrieval to this is required. Two partition function data sets, the
HITRAN and the JPL, are considered in this paper. In a 7rst step, we investigate the spread of the partition
function ratios from the simple approximation values given by theory. We 7nd that the HITRAN partition
functions are usually higher than the values quoted by the simple approximation. The JPL partition functions
are much closer to the values given by the approximation. Comparing directly the two datasets, with some
exceptions, a good agreement is found. Only for 16 molecules (from 66 considered molecules), the deviations
in the two data sets are larger than 2%. The retrieval error analysis shows that, for the case of the molecular
species with strong signatures, an uncertainty in the partition function is directly translated into a retrieval
error of the species in question. However, the uncertainty in the partition function of this species can have a
high impact on the quality of weak species retrieval.
? 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Remote sensing observations coupled with increasingly sophisticated computer simulations have
led to rapid advances in the understanding of the atmosphere. Millimeter wave remote sensing
techniques have improved rapidly over the last few years. These techniques have unique properties,
e.g., less sensitivity to cloud contamination compared to infrared and UV–Vis techniques. Since the
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thermal emission is measured, no external source is needed. The thermal emission at microwave
wavelengths depends almost linearly on temperature as opposed to a non-linear relationship in the
infrared region. The millimeter wave range contains, among many others, spectral features of ozone,
water vapor, nitrous oxide, chlorine monoxide, and bromine monoxide, all of which are species of
major importance for ozone chemistry or for the greenhouse eGect. The quantity measured by the
satellites contains implicitly information on the atmospheric state (e.g., molecular species volume
mixing ratio pro7les, temperature pro7le). An accurate retrieval of the quantities of interest requires
accurate knowledge about the measurement and retrieval system. This includes also accurate knowl-
edge of the spectroscopic database, such as the line strength. An important role plays the partition
function data as this is the quantity needed to convert the line strength given at a reference temper-
ature in the spectroscopic database, to atmospheric temperatures. Thus, a wrong partition function
will lead to an incorrect line strength, which will lead to a systematic retrieval error.

2. Basic equations

2.1. Radiative transfer equation

The extraction of the information from a satellite measurement requires knowledge of the radiative
transfer in the atmosphere. The radiative transfer equation, introduced by Chandrasekhar [1], describes
the way in which the intensity is aGected by extinction and emission of radiation. For the case of
a non-scattering atmosphere (clear sky), which is mainly ful7lled in the microwave spectral range,
for an arbitrary slant path, the intensity I (de7ned as the power of radiation per unit area, per unit
solid angle, and per unit frequency interval), at frequency �, received by an instrument at position
l= 0, is given by

I(�) = I∞(�)��(∞) +
∫ ∞

0
k�(l)B�(T (l))��(l) dl; (1)

where k� is the total absorption coeLcient, �� is the transmittance, B� is the Planck function (which
is derived under thermodynamic equilibrium condition), and I∞ is the intensity at the limit of the
atmosphere, which can be cosmic background radiation or emission from the ground. For a more
thorough description of these terms, please refer to [2,3].
In order to solve Eq. (1) the absorption coeLcient k� has to be calculated. The main part of the

calculation is a summation of the contribution of the individual lines, henceforth called line absorption
coeLcient, but also non-resonant terms of water vapor, oxygen and nitrogen, the so-called continua
absorption, have to be considered. The subject of continua is outside of the purpose of this paper.
Details about the continua can be found in, e.g., [4–8].
For a mixture of gases, the line absorption coeLcient is obtained by summing over all species:

k� =
∑
s

ks� ; (2)

where ks� is the absorption coeLcient for species s.
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Three quantities de7ne the absorption coeLcient of a molecular species, ks� : the strength of the
line S, the line shape f(�; �0) describing the distribution in frequency, and its position given by the
center frequency �0. In general, the species absorption coeLcient is obtained by summing over the
contributions of all possible transitions:

ks� = n
∑
i; j

Sij(T )f(�; �0); (3)

where n, which is proportional to the volume mixing ratio VMR, is the number of molecules of
the species per unit volume, and i and j are indices of the upper and the lower energy levels of a
possible transition.
The center frequency, �0, of one transition is related to the energy levels of the transition by:

�0 = (Ei − Ej)=h where Ei and Ej are the upper and lower energy level, respectively, and h is
Planck’s constant.
Here, the quantity of interest is the line strength, Sij. The line strength depends both on the prop-

erties of a single molecule and the populations of the molecules in the upper and lower energy
levels which in turn depends on the temperature of their environment. If local thermodynamic equi-
librium is assumed then the state occupations in the molecule can be assumed to follow a Boltzmann
distribution, thus the line strength can be written as [9]

Sij(T ) =
8�3�0|�ij|2gjgi
3hcQ(T )

(e−Ej=kT − e−Ei=kT ); (4)

where gj and gi are the degeneracies 1 of the lower and upper energy levels, (the energy levels
involved in the transition), respectively Ej and Ei are the energies of those levels, |�ij| is the
magnitude of the dipole moment of the molecule, and Q is a factorizing term called the partition
function.
The partition function Q has an important role since it governs to a large extent the temperature

dependence of the line strength. It describes the internal energy distribution of the molecule between
nuclear spin, rotational, vibrational, and electronic states. Since the energy levels are well separated,
the partition function can be expressed as

Q(T ) = Qelec(T )Qvib(T )Qrot(T ); (5)

where the nuclear spin partition function is included in the rotational part, Qrot. With a few exceptions,
Qelec(T ) can be approximated as unity for temperatures found in the atmosphere. One exception is
ClO, which has an electronic state corresponding to a temperature of 458 K.
The vibrational partition function Qvib(T ) is calculated by modeling the molecule as a harmonic

oscillator:

Qvib(T ) =
∏
i

[1− exp(−h!i=kT )]−di ; (6)

where !i is the fundamental frequency of mode i and di is the degeneracy, which is normally 1.
One exception is the bending mode of N2O which has d= 2.

1 Degeneracy is the number of levels of equal energy in which a molecule may lie.
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The temperature dependence of the rotational partition function can be approximated by (hereafter
called the simple approximation)

Qrot(T ) = Qrot(T0)(T=T0)n; i:e:; Rsimple(T ) =
Qrot(T0)
Qrot(T )

=
(
T0
T

)n
; (7)

where the exponent factor n=1 for linear molecules (all diatomic molecules and some other molecules
such as CO2 and N2O), and n= 3

2 for the asymmetric molecules, such as O3, H2O, and NH3.
In practice, Q(T ) is derived from tabulated values by interpolation. The line strength at a refer-

ence temperature T0, S(T0), is obtained from a spectroscopic database. The line strength at other
temperature is obtained by an interpolation relation as

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

: (8)

Using Eq. (5), one can write

R(T ) =
Q(T0)
Q(T )

=
Qelec(T0)Qvib(T0)Qrot(T0)
Qelec(T )Qvib(T )Qrot(T )

: (9)

2.2. Inversion theory and basic error analysis

Inversions of atmospheric measurements can be described in the context of the optimal estimation
method (OEM) formalism described by Rodgers [10,11]. This section briePy outlines the essential
details of the OEM formalism and basic error analysis. For a detailed explanation please refer to
[3,10,11].
The OEM formalism starts with a general time-independent computer model [12], F, modeling

the radiative transfer through the atmosphere and the detecting instrument. Mathematically, this can
be described as

y = F(x; b) + �y (10)

where y, called measurement vector, is the data obtained from the measurement (derived from I
of Eq. (1)), x is the state vector which contains all the parameters of interest that are intended to
be retrieved from the data, e.g., molecular species volume mixing ratios (VMR) and temperature
pro7le, b is the model parameter vector containing all the parameters treated as constant during the
retrieval process (e.g., the spectroscopic data, partition function data, instrumental parameters, etc.),
and �y is the measurement noise (having a covariance matrix S�) which is added to the signal from
the atmosphere.
An inverse (or retrieval) method I has to be applied to the measurement vector in order to

retrieve an optimal estimate x̂ of the state vector x, i.e., x̂= I(y). 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 (xa, with the a priori
covariance matrix Sa). Additionally, one can determine the impact of the constant model parameters
on the retrieval by assuming that only an a priori ba, representing the best knowledge of the model
parameters, with a priori covariance matrix Sb is given.
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In order to perform a retrieval and a basic error analysis, the Jacobian of the measurement with
respect to x, Kx=@F(x; ba)=@x|xa , and with respect to b, Kb=@F(xa; b)=@b|ba , and the Jacobian of the
inverse (retrieval) model with respect to the measurement, Dy = @I(y)=@y, the so-called contribution
function matrix, have to be calculated. The calculation of these Jacobians requires a linearization of
the forward and retrieval model.
From the OEM theory the error in the retrieval, which represents the deviation of the retrieved

state vector x̂ from the true state vector x, can be expressed as (for more details please refer to [3])

�x = x̂ − x = (A − I)(x − xa)︸ ︷︷ ︸
(1)

+ Dy�y︸ ︷︷ ︸
(2)

+ DyKb(b − ba)︸ ︷︷ ︸
(3)

(11)

with I the identity matrix, and A, resulting from the multiplication of Kx and Dy, the so-called
averaging kernel matrix. The averaging kernel matrix gives an estimate of the vertical resolution of
the retrieval. In the ideal case it corresponds to the identity matrix.
Three diGerent sources of errors can be identi7ed in Eq. (11):

(1) The smoothing error (with the covariance matrix N= (A − I)Sa(A − I)T) is related to the need
of a priori information. This extra or additional information quanti7es our expectation of the
solution independent of the actual data.

(2) The measurement error (with the covariance matrix M = DyS�DT
y) is due to the noise which

appears in the measurement.
(3) The model parameter error (with the covariance matrix P = (DyKb)Sb(DyKb)

T) is caused by
uncertainties in model parameter, such as spectroscopic or instrumental parameters.

Within this paper, we refer to the retrieval precision matrix, S, which means the sum of the
smoothing and measurement error covariance matrices (S= N +M).
The model parameter vector b plays an important role in the formalism presented above, and it is

usually treated as a known constant in the forward and retrieval model. 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 easily calculated (see
the relation quoted above). If there is no linear relationship between changes in b and changes in
the measurement vector, it is not appropriate to use the linearized form of the forward model to
investigate such errors. Our approach is therefore to linearize the inverse (retrieval) model only, that
is to use the contribution function matrix, Dy, and to employ the full forward model. By neglecting
measurement noise and setting the a priori values of xa to the true values already, the error in the
retrieved state vector is exclusively determined by the uncertainties in the model parameters, �b.
Doing this, Eq. (11) can be rewritten as

�x = Dy[F(xa; ba + �b)− F(xa; ba)] = Dy�y: (12)

Once the contribution function matrix Dy at y=F(xa; ba) has been calculated, it can be used for the
entire investigation of statistical and systematic parameter errors, which makes this linear mapping
method computationally eLcient. An additional advantage of the linear mapping method is that �b
can have any statistical distribution and is therefore not restricted to Gaussian distributions. Eq. (12)
is the one which has been used in this paper.
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3. Partition function data

The information on the partition function are usually taken either from the HITRAN [13,14] or
JPL [15–17] database.
The HITRAN database provides total internal partition functions for 105 species [13]. These

include the data for all molecular species found in the 2000 HITRAN database [18], and, in addition,
data for 13 other isotopomers/isotopologues of ozone and carbon dioxide. The calculations address
the corrections suggested by Goldman et al. [14]. The calculations of the partition functions consider
the temperature range 70–3000 K, in steps of 25 K to be applicable to a variety of remote sensing
needs. The partition functions for any temperatures other than the ones at which the data are provided,
are calculated by a Lagrange 4-point interpolation [13]. More information on the HITRAN database
can be found at http://www.hitran.com/.
The JPL database provides only the rotational-spin partition function for temperatures at 300, 225,

150, 75, 37.5, 18.75, and 9:375 K, but for a larger number of molecules (166 molecules). Values
for intermediate temperatures have to be obtained by interpolation. They are calculated according
to the scheme given in the JPL database, i.e., following Eq. (7). No vibrational partition function
is included, the stated partition function is calculated for the total concentration of the vibrational–
electronic state of the molecule. Exceptions have been made for some species, e.g., O3 and H2O,
where the vibrational partition function is also included. As mentioned, for most molecular species the
electronic states can be neglected. One exception is ClO but in this case the inPuence of the electronic
states is considered in the JPL database. Therefore, some corrections of the partition function values
quoted in JPL have to be made. The vibrational partition function Qvib(T ) is calculated by modeling
the molecule as a harmonic oscillator using Eq. (6). In this paper, the information on the vibrational
modes are taken, for most of molecular species, from [19]; the data, for some molecular species, not
available in [19] are taken either from [20,21] or [22]. Vibrational corrections for the minor isotopes
is performed with the vibrational modes of major isotopes. This is a common approximation in the
microwave range. More information on the JPL database can be found at http://spec.jpl.nasa.gov.
In order to see the level of agreement between diGerent sources of partition function data, an

intercomparison has been carried out. The comparison is focusing to the ratio of the partition function,
R(T ) de7ned by Eq. (9), as this is the necessary quantity to convert the line strength stated at
a reference temperature in the spectroscopic data to others temperatures (Eq. (8)). A reference
temperature of 300 K, the same one at which the line strength is quoted in the JPL database, has
been taken. The intercomparison is performed at two temperatures (150 and 225 K), common to
both database.
In a 7rst step, we investigated the deviation of the partition functions quoted in the two datasets

from the values given by the simple approximation (Rsimple(T )), calculated by using Eq. (7). For
a reference temperature T0 = 300 K, and T = [150 K; 225 K], we have Rsimple(150 K) = 2:00 and
Rsimple(225 K) = 1:33 for linear molecules, and Rsimple(150 K) = 1:41 and Rsimple(225 K) = 1:15 for
non-linear molecules. In order to have a better overview, the set of species have been separated in
four diGerent groups: (1) linear molecules (such as CO, CO2), (2) non-linear molecules with three
atoms (such as O3 or H2O), (3) non-linear molecules with four atoms (such as H2O2, NH3), and (4)
non-linear molecules with 7ve and more atoms (such as CH3Cl, HNO3, ClONO2). The spread of
the partition function ratios (histograms) from the Rsimple values for the four groups of molecules, is
shown in Fig. 1 (for the HITRAN data set) and Fig. 2 (for the JPL data set). The middle light line

http://www.hitran.com/
http://spec.jpl.nasa.gov
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Fig. 1. The spread of the HITRAN partition function ratios (R(T ) = Q(T0)=Q(T )) from the Rsimple values given by Eq.
(7), for two temperatures (150 and 225 K), and a reference temperature T0 = 300 K.

from each 7gure marks the corresponding Rsimple value. To have a better clarity, only the molecules
whose partition function ratios deviate less than 25% from Rsimple are considered; the molecules with
a partition function ratio far away from the corresponding Rsimple values are not included in the
histograms. The total number of molecules found to have deviations from the Rsimple values in the
considered range of ±25% is given in the top of each plot. More detailed results are displayed in
Table 1 (for HITRAN), and Table 2 (for JPL). Listed is the relative deviation (in %) with respect
to the corresponding Rsimple value, for a variety of molecular species, and for diGerent isotopes. The
notation for the molecular species isotopes generally follows the HITRAN convention, e.g., for the
main H2O isotope we have H2O-161, thus, the last digit of the sum of the neutrons and protons of
the individual atoms is taken. Nevertheless, molecules like H2CO have only three digits in HITRAN,
since only one number for the two H atoms (thus, H2CO-126 from HITRAN becomes H2CO-1126
in our notation).
For most molecules, for the investigated temperatures, the HITRAN partition function ratios are

found to be higher than the Rsimple value. That is already understood as Rsimple refers only to the
rotation partition function, while the HITRAN data set gives the total partition function. We suspect
that these diGerences are mainly due to the vibrational partition function. From Eq. (6) one sees
that the vibrational partition function Qvib(T ) is increasing with increasing temperature. Thus, since
the reference temperature, T0, is higher compared to the investigated ones (150 and 225 K, respec-
tively), it means that the ratio Qvib(T0)=Qvib(T ) is greater than unity, explaining the larger values
for HITRAN compared to the Rsimple values. For some molecules, the deviation is somewhat larger,
e.g., for the diatomic molecules ClO and NO (18% deviation at 150 K, and about 9% at 225 K),
and OH (9% at 150 K and 4% at 225 K), explained by the fact that these molecules have a high
vibrational mode which leads to the large deviation of the total partition function from the Rsimple
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Fig. 2. The spread of the JPL partition function ratios (R(T ) =Q(T0)=Q(T )) from the Rsimple values given by Eq. (7), for
two temperatures (150 and 225 K), and a reference temperature T0 =300 K. No vibrational correction to the JPL partition
function is applied.

value, but also for some linear molecules with three or more atoms, e.g., C2H2 (18% at 150 K) and
for N2O (13%). The same applies to the non-linear molecules (Fig. 1). The highest deviation is
found for SF6 (188% at 150 K), C1ONO2 (159% at 150 K), but also for other molecules (see Table
1). Only for a few molecules are the investigated partition function ratios lower than the Rsimple
values. This is the case for the OCS isotopes, for which the ratio at 150 K is 15% lower than the
Rsimple value. For a number of molecules, such as O2, CO, H2O, H2CO, CH4, an excellent agreement
is found.
Similar results are shown in Fig. 2 for the JPL partition function ratios. The partition function ratios

for most molecules are in an excellent agreement with the values given by the simple approximation
(Rsimple, from Eq. (7)), mostly due to the fact that the JPL database, with a few exception, provides
only the rotational partition functions for which Eq. (7) is valid. Thus, the JPL partition function
ratios for 49 (out of 78) linear molecules, 25 (out of 31) non-linear molecules with three atoms,
9 (out of 22) non-linear molecules with four atoms, 20 (out of 30) non-linear molecules with 7ve
or more atoms, deviate less than 1% from the Rsimple value. Only for a few molecules are the
deviations from Rsimple values somewhat larger. This is the case, e.g., for the linear molecules with
two atoms, such as NS, NO (for this molecule the HITRAN partition function ratio has been found
to have also a high deviation), and ClO (more than 15% at 150 K and less at 225 K, due to the
electronic partition function which, for this speci7c molecule, is considered in the JPL data set), for
the non-linear molecules with three atoms O3 (5% at 150 K, due to vibrational correction included
in JPL) and OClO (4% at 150 K), and other non-linear molecules with four or more atoms, such
as CH2O2, H3CN, H2O2, and ClONO2 (see Table 2).
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Table 1
Deviation of the HITRAN partition function ratios (R(T ) =Q(T0=Q(T )) from the Rsimple values calculated at two temper-
atures, 150 and 225 K, and for a reference temperature of 300 K.

Molecule S150 K (%) S225 K (%) Molecule S150 K (%) S225 K (%)

Linear molecules
ClO-76 18.4 9.2 HCN-134 6.7 4.8
ClO-56 18.4 9.2 HCN-124 6.6 4.7
NO-48 18.3 6.6 HF-19 −3:2 −1:0
NO-56 18.3 6.6 OH-81 1.6 1.4
NO-46 18.3 6.6 HCl-15 −1:6 −0:5
C2H2-1231 17.7 11.8 HCl-17 −1:6 −0:5
C2H2-1221 17.7 11.8 OH-61 1.5 1.4
N2O-456 13.4 8.6 HBr-19 −1:2 −0:4
N2O-448 12.9 8.3 HBr-11 −1:2 −0:4
N2O-546 12.8 8.3 HI-17 −0:9 −0:3
N2O-447 12.8 8.2 O2-67 0.8 0.3
N2O-446 12.6 8.1 O2-68 0.8 0.3
CO2-638 9.6 6.5 NO+-46 −0:3 −0:1
CO2-637 9.5 6.4 O2-66 −0:3 −0:0
CO2-636 9.4 6.3 N2-44 −0:2 −0:0
CO2-828 9.0 6.1 CO-26 −0:2 −0:0
OH-62 9.0 3.9 CO-27 −0:2 −0:0
CO2-728 8.9 6.0 CO-28 −0:2 −0:0
CO2-727 8.8 6.0 CO-36 −0:2 −0:0
CO2-628 8.8 6.0 CO-37 −0:2 −0:0
CO2-627 8.7 5.9 CO-38 −0:2 −0:0
HCN-125 6.9 4.8

Non-linear molecules with three atoms
OCS-622 −15:7 −3:1 O3-786 5.5 3.9
OCS-623 −15:6 −3:1 O3-767 5.3 3.8
OCS-624 −15:6 −3:0 O3-668 5.3 3.8
OCS-822 −15:0 −2:7 O3-776 5.3 3.8
OCS-632 −14:7 −2:5 O3-686 5.3 3.8
SO2-626 9.1 5.7 O3-667 5.1 3.7
SO2-646 9.0 5.7 O3-676 5.1 3.7
O3-888 6.1 4.3 O3-666 4.9 3.6
O3-878 5.9 4.2 NO2-646 3.1 2.2
O3-887 5.9 4.2 H2O-161 −1:1 −0:3
HOBr-161 5.8 3.9 H2O-162 0.7 0.3
HOBr-169 5.8 3.9 H2O-172 −0:6 −0:1
O3-868 5.7 4.0 H2O-182 −0:6 −0:1
O3-778 5.7 4.0 HO2-166 0.5 0.5
O3-787 5.7 4.1 H2S-121 −0:4 0.0
O3-886 5.7 4.0 H2S-131 −0:4 0.0
O3-768 5.5 3.9 H2S-141 −0:4 0.0
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Table 1 (continued)

Molecule S150 K (%) S225 K (%) Molecule S150 K (%) S225 K (%)

O3-777 5.5 3.9 H2O-181 −0:1 0.0
O3-678 5.5 3.9 H2O-171 0.1 0.1

Non-linear molecules with four atoms
H2O2-1661 26.9 13.1 H2CO-1136 0.7 0.6
COF2-269 16.1 10.7 H2CO-1126 0.7 0.6
PH3-1111 1.5 1.4 NH3-5111 0.6 0.8
H2CO-1128 0.7 0.6 NH3-4111 0.6 0.8

Non-linear molecules with <ve atoms
SF6-29 187.7 89.3 C2H4-221 5.6 4.4
ClONO2-7646 158.7 64.1 CH3Cl-217 4.9 3.7
ClONO2-5646 158.7 64.1 CH3Cl-215 4.9 3.7
C2H6-1221 30.9 17.1 CH4-212 0.3 0.5
HNO3-146 29.1 18.1 CH4-311 0.2 0.5
HCOOH-126 12.0 8.2 CH4-211 0.2 0.5
C2H4-231 5.7 4.4

The notation for the molecular species isotopes generally follows the HITRAN convention, i.e., each digit represents
the last digit of the sum of the neutrons and protons of the individual atoms.

In a second step, an intercomparison between the HITRAN and JPL partition function has been
carried out. The intercomparison looks at the ratio R(T ) for temperatures of 150, 225, and 300 K (set
as reference temperature), chosen as both database provide the data at these temperatures. Only the
species common to the two data sets are considered (66 molecules). In order to have consistency, a
vibrational correction of the JPL partition function is applied in advance. The relative deviations of
the corrected JPL partition function ratios from the HITRAN ones are displayed in Table 3. Generally,
the partition function data sets are found to be in good agreement. With a few exception, the relative
deviation of the corrected JPL partition function ratios from the HITRAN partition function ratios
are found to be smaller or close to 1% (50 out of 66 molecules). The JPL partition function ratios
present a remarkably larger deviation from the HITRAN ones only for ClONO2 (23% at 150 K); this
molecule has been found to have also the largest deviation from the calculated Rsimple values given
by Eq. (7). Another deviations, however much smaller, are found for HCl (2.3%), HOBr (2.2%),
and HBr (1.9%), and for CH4 only at 225 K (a non-linearity) (see Table 3). For the H2O isotopes
the JPL ratios presents a deviation of about 1% from the HITRAN ratios at low temperatures. The
investigated JPL ratios are generally found to be lower than the HITRAN ones. The only visible
exception is ClO, for which the JPL investigated ratios are with 1.1% higher than the HITRAN
ratios. The best agreement is obtained for more than 20 molecules, e.g., for O3, SO2, HOCl, OH,
O2, CH3Cl, CO, and N2O (see Table 3). The data for the major isotopes agree generally better than
the minor isotopes. This is caused by the used approximation for the vibrational correction of the
minor isotopes.
Some additional results for a number of species of major importance for remote sensing are

displayed in Fig. 3.
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Table 2
Deviation of the JPL partition function ratios (R(T ) =Q(T0=Q(T )) from the Rsimple values calculated at two temperatures,
150 and 225 K, and for a reference temperature of 300 K.

Molecule S150 K (%) S225 K (%) Molecule S150 K (%) S225 K (%)

Linear molecules
NS-42 20.2 8.3 HNC-152 −0:2 −0:1
NS-44 20.2 8.3 O2-66 −0:2 −0:1
PO-16 19.7 8.2 HCN-224 −0:2 −0:1
PS-12 19.3 9.8 HCN-125 −0:2 −0:1
NO-46 17.8 6.5 HCN-124 −0:2 −0:1
ClO-76 17.6 8.9 C2H-221 −0:2 −0:1
ClO-56 17.6 8.9 HNC-142 −0:2 −0:1
OH-62 9.0 3.9 HNC-242 −0:2 −0:1
SH-22 8.5 5.2 C3O-2226 −0:2 −0:1
SH-21 4.3 3.8 CS-24 −0:2 −0:1
HCl-15 −3:8 −1:3 CS-32 −0:2 −0:1
HCl-17 −3:8 −1:3 CS-22 −0:2 −0:1
HF-19 −3:2 −1:0 CP-21 −0:1 −0:0
HBr-11 −3:1 −1:0 PN-14 0.1 0.1
HBr-19 −3:1 −1:0 HNC3-14222 −0:1 −0:1
CH-21 −2:6 −0:8 N2O-446 −0:1 −0:0
NH-41 −2:5 −0:8 O2-68 0.1 0.0
C2S-322 1.9 0.6 C3N-2224 −0:1 −0:0
C2S-224 1.8 0.6 HC2NC-12242 −0:1 −0:0
C2S-232 1.8 0.6 HCCCN-12225 −0:1 −0:0
C2S-222 1.8 0.6 HCCCN-12234 −0:1 −0:0
HF-29 −1:6 −0:5 OCS-624 −0:1 1.6
OH-81 1.6 1.4 OCS-622 −0:1 −0:1
OH-61 1.5 1.4 N2O-456 −0:1 −0:0
HCP-221 −1:1 −0:8 CO2-627 −0:1 −0:0
BrO-16 1.1 0.8 O2-67 0.0 0.0
BrO-96 1.1 0.8 HCCCN-22224 −0:0 −0:0
HCl-27 −0:8 −0:2 HCCCN-13224 −0:0 −0:0
HCl-25 −0:8 −0:2 HCCCN-12324 −0:0 −0:0
HCP-121 −0:5 −0:4 OCS-822 −0:0 −0:1
NO+-46 −0:3 −0:1 OCS-632 −0:0 −0:0
HNC-143 −0:3 −0:1 N2O-448 −0:0 −0:0
HCN-134 −0:3 −0:1 N2O-546 −0:0 −0:0
CN-34 −0:3 −0:1 CO2-628 −0:0 −0:0
CN-24 −0:3 −0:1 C3O-3226 −0:0 0.0
CO-27 −0:3 −0:1 HCCCN-12224 −0:0 −0:0
CO-28 −0:3 −0:1 C3O-2228 −0:0 −0:0
CO-36 −0:3 −0:1 C3O-2236 −0:0 0.0
CO-26 −0:3 −0:1 C3O-2326 −0:0 −0:0
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Table 2 (continued)

Molecule S150 K (%) S225 K (%) Molecule S150 K (%) S225 K (%)

Non-linear molecules with three atoms
O3-666 4.8 3.5 HOBr-161 0.1 0.1
OClO-656 −3:8 −3:7 SO2-636 0.1 0.1
OClO-676 −3:3 −2:5 SO2-646 0.1 0.1
H2O-171 −1:2 −0:3 OBrO-696 −0:1 −0:0
H2O-161 −1:1 −0:3 HCO-126 0.1 0.0
H2O-181 −1:1 −0:3 HOBr-169 0.1 0.1
H2O-162 −0:7 −0:2 SO2-628 0.1 0.1
H2S-122 −0:7 −0:4 SO2-626 0.1 0.1
H2O-182 −0:7 −0:2 HOCl-167 0.1 0.0
H2S-121 −0:5 −0:1 HOCl-165 0.1 0.0
H2O-262 −0:5 −0:1 O3-667 0.1 0.0
HNO-246 −0:4 −0:3 O3-686 −0:1 −0:0
HNO-146 −0:3 −0:2 O3-668 0.0 −0:0
NO2-646 0.2 0.1 HO2-166 −0:0 −0:0
PO2-166 −0:1 −0:3 O3-676 0.0 0.0
OBrO-616 −0:1 0.2

Non-linear molecules with four atoms
CH3CN-211124 27.4 13.0 CH3C2H-3111221 −0:1 0.0
ClONO2-5646 19.7 7.2 CH3C2H-2111231 −0:1 0.0
ClONO2-7646 19.7 7.2 CH3CN-211224 0.0 0.0
HOONO2-1646 −14:8 −10:0 CH3CN-211125 0.0 0.0
NH2CN-41124 10.4 3.6 H2SO4-126 0.0 0.0
CH2CO-21126 6.3 1.1 CH3CN-211134 0.0 0.0
CH3C2H-2112221 −4:1 0.1 CH3CN-311124 0.0 0.0
HCOOH-2261 2.6 −0:0 HCOOH-1361 0.0 −13:4
CH3C2H-2111222 −1:0 −0:0 CH2NH-21151 −0:0 −0:0
CH2CO-21226 0.8 0.0 CH2NH-31141 −0:0 −0:0
CH4-212 −0:4 −17:1 HCOOH-1262 −0:0 −0:0
CH2NH-21142 −0:1 −0:0 HCOOH-1261 −0:0 −0:0
CH2NH-21141 −0:1 0.7 CH3Cl-217 −0:0 −0:1
CH3C2H-2111321 −0:1 0.0 CH3Cl-215 −0:0 0.0
CH3C2H-2111221 −0:1 0.0 HNO3-146 −0:0 −0:0

Non-linear molecules with <ve atoms
CH3CN-211124 27 13 CH2CO-21126 6 1
ClONO2-5646 20 7 CH3C2H-2112221 −4 0
ClONO2-7646 20 7 HCOOH-2261 3 −0
HOONO2-1646 −15 −10 CH3C2H-2111222 −1 −0
NH2CN-41124 10 4

The notation for the molecular species isotopes generally follows the HITRAN convention, i.e., each digit represents
the last digit of the sum of the neutrons and protons of the individual atoms. No vibrational correction to the JPL partition
function is applied.
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Table 3
Deviation of the vibrationally corrected JPL partition function ratios (R(T ) = Q(T0)=Q(T )) from the HITRAN partition
function ratios, for a reference temperature T0 = 300 K, and T set to 150 and 225 K.

Molecule S150 K (%) S225 K (%) Molecule S150 K (%) S225 K (%)

ClONO2-7646 −23:4 −12:5 OCS-624 −0:3 1.5
ClONO2-5646 −23:4 −12:5 H2S-121 0.3 0.1
HC1-15 −2:3 −0:8 HCOOH-126 −0:3 −0:1
HC1-17 −2:3 −0:8 CO2-627 −0:3 −0:1
HOBr-161 −2:2 −1:3 COF2-269 −0:2 −0:1
HOBr-169 −2:2 −1:3 N2O-446 −0:2 −0:1
HBr-11 −1:9 −0:6 HNO3-146 −0:2 −0:1
HBr-19 −1:9 −0:6 OCS-622 −0:2 −0:1
OCS-632 −1:3 −0:7 HCN-124 −0:2 −0:1
H2O-162 −1:3 −0:4 NO2-646 0.2 0.1
PH3-1111 −1:3 −0:9 O3-666 −0:1 −0:1
H2O2-1661 −1:2 −0:9 HO2-166 0.1 0.1
H2O-171 −1:2 −0:4 CO-36 −0:1 −0:0
ClO-76 1.1 1.1 CO-28 −0:1 −0:0
ClO-56 1.1 1.0 CO-27 −0:1 −0:0
OCS-822 −1:0 −0:6 O2-66 0.1 0.0
H2O-181 −1:0 −0:3 CO-26 −0:1 −0:0
N2O-456 −0:9 −0:5 CH3C1-217 −0:1 −0:1
NH3-5111 −0:8 −17:0 CH3Cl-215 −0:1 −0:0
O2-67 −0:7 −0:2 H2O-182 −0:1 −0:1
O2-68 −0:7 −0:2 H2CO-1126 −0:1 −0:0
NH3-4111 −0:6 −0:5 NO+-46 −0:0 −0:0
O3-686 −0:6 −0:4 SO2-646 0.0 0.0
O3-668 −0:6 −0:4 OH-81 0.0 −0:0
N2O-448 −0:4 −0:3 CH4-212 −0:0 −17:0
HCN-125 −0:4 −0:3 H2CO-1128 0.0 −0:0
NO-46 −0:4 −0:1 HF-19 −0:0 0.0
H2CO-1136 −0:4 −0:5 H2O-161 −0:0 −0:0
O3-676 −0:4 −0:2 SO2-626 −0:0 0.0
O3-667 −0:4 −0:2 OH-61 0.0 −0:0
N2O-546 −0:4 −0:2 HOC1-165 0.0 −0:0
HCN-134 −0:3 −0:2 HOC1-167 0.0 −0:0
CO2-628 −0:3 −0:2 OH-62 −0:0 −0:0

The notation for the molecular species isotopes generally follows the HITRAN convention, i.e., each digit represents
the last digit of the sum of the neutrons and protons of the individual atoms.

4. Impact on the retrieval

4.1. Instrumental and retrieval set-up

In order to establish the sensitivity of the retrieval to the partition function data, retrieval simula-
tions have been carried out. The instrumental characteristics speci7c to the state-of-the-art MASTER
instrument (Millimetre-wave Acquisitions for Stratosphere/Troposphere Exchange Research), studied
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Fig. 3. Relative deviation of the JPL partition function ratios (Q(T0)Q(T )) from the HITRAN partition function ratios.
Displayed are the ratios of the two partition function at three temperatures (150, 225, and 300 K). The reference tem-
perature is set to 300 K (thus, the error at this temperature is 0). Each plot shows the data for diGerent isotopes of a
particular molecular species found both in the HITRAN and JPL database. The notation for the molecular species isotopes
generally follows the HITRAN convention, i.e., each digit represents the last digit of the sum of the neutrons and protons
of the individual atoms.

by the European Space Agency, are used. The considered instrumental requirements have been in-
vestigated in depth and optimized in a series of studies [e.g., [23–26]]. The instrument is an SSB
heterodyne spectrometer observing thermal emissions from the Earth’s atmosphere in a number of
millimeter and sub-millimeter wave bands. Its principal objective is to provide innovative global
measurements of the atmospheric composition in order to improve the knowledge of the dynamics,
radiation budget, and chemistry of the upper troposphere and lower stratosphere. The instrument will
be con7gured to scan the atmosphere in limb from 0 to 50 km in the orbit plane (≈ 820 km orbit
altitude), with an integration time � = 0:3 s, corresponding to a sampling in tangent altitude steps
of 1 km. Global measurements of thermal emission induced by rotational transitions of atmospheric
molecules will be performed in 7ve spectral bands within the frequency range of 294–626:5 GHz.
The instrument is characterized by a system noise temperature Tsys ≈ 6000 K. Spectral measure-
ments will be performed with a resolution of S�=50 MHz over the complete frequency range. The
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main target species are O3 (in Bands B, C, E, and F), HNO3 (in Bands B and C), N2O (in Bands
B and E), CO (in Band D), ClO (in Band E), BrO (in Bands D and E), H2O (in Bands C and E),
and HCl (in Band F).
The used spectral database is the MYTRAN catalog [27,28] developed in the context of the

MASTER instrument study. The MYTRAN catalogue is mainly based on the HITRAN database but
with some additional lines and species (e.g., BrO) from JPL. The absorption spectra for each species
included in the forward calculation, and the total absorption in each spectral band are shown in
Fig. 4.
For an atmospheric scenario, speci7ed through the molecular species VMR, and the tempera-

ture/pressure pro7les (Fig. 5), the simultaneous retrievals of molecular species VMR pro7les, tem-
perature pro7le, and instrumental pointing oGset 2 were performed using simulated measurements of
an entire elevation scan cycle (0–50 km). The used forward model is atmospheric radiative transfer
simulator (ARTS) [29]. The retrieval is performed by using Qpack [30], which is a Matlab environ-
ment to perform OEM inversions and to produce sets of spectra to test the inversions, using ARTS
as calculating engine. The molecular species pro7les are retrieved in relative units of VMR, over the
altitude range of 0–60 km. The vertical retrieval grid is speci7ed in logarithmic pressure units and it
corresponds to a spacing of approximately 2 km in tangent altitude. The a priori error is set to 100%
throughout, and no correlation between the retrieval levels is considered (oG-diagonal elements of
Sa are set to 0). The atmospheric temperature pro7le is retrieved on a vertical grid given as the
logarithm of the atmospheric pressure corresponding to a vertical spacing of about 3 km. A variabil-
ity of the atmospheric temperature (a priori error) of 5 K is assumed, and no correlation between
the retrieval levels are considered (a diagonal Sa matrix). Only the thermal noise is included in
the measurement noise, and no interchannel correlations are considered, i.e., a diagonal S� with the
diagonal elements set to (Tsys=

√
S��)2 (the so-called radiometric formula).

The reference measurement is simulated by assuming the partition functions as quoted in HITRAN.
The ‘perturbed’ measurement is simulated by assuming the vibrationally corrected JPL partition
functions, and the error in the retrieval is calculated by linear mapping, i.e., using Eq. (12). For the
case when only one data set provides the partition function for a particular molecular species, then
the reference and ‘perturbed’ measurement are generated from this data set. This applies to the BrO
molecule, where only JPL provides the partition function data. The reference and the ‘perturbed’
measurement are simulated with the same partition function for this molecule; thus, the investigated
retrieval error of BrO is only caused by diGerent partition function data of other molecules which
have spectral features in the vicinity of the BrO lines.

4.2. Results and discussions

The assumption of the JPL partition functions (to which the vibrational correction has been ap-
plied) instead of the HITRAN partition functions generates a deviation in the measurement, �y, as
large as 0:4 K (Fig. 6). As expected, this occurs mainly in the spectral range where emission lines
of molecular species for which the two partition function data sets deviate the most, are found, e.g.,
around 344:3 GHz in Band D where an HNO3 line cluster is found (Fig. 6, left plot), or in Band
E (Fig. 6, right plot), but this time mainly due to the diGerence in the two partition function data

2 Pointing oGset means that all the altitudes are higher or lower.
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Fig. 4. MASTER spectral bands. Displayed are the species absorption and total absorption spectra.

sets for O3. Since the deviation in the partition function is mostly negative, the deviation in the
measurement �y is also negative. A close look at Fig. 6, right plot, shows a slightly positive �y
around 501:2 GHz where a ClO line is located. This is a consequence of the higher JPL partition
function ratios for ClO compared to the HITRAN ones (see Fig. 3).
By performing an error analysis, an error of about 0.3% on the retrieved O3 in Bands B, C and

F (Fig. 7) is found. This has a similar magnitude as the deviations of the JPL partition function
ratios from the HITRAN ones (Fig. 3). A deviation in the partition function is directly translated
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Fig. 5. Molecular species VMR pro7les and temperature pro7le used in calculation.

Fig. 6. Simulated measurement (upper plots), and the diGerence in the measurement (lower plots) by assuming JPL
partition functions instead HITRAN partition functions, for three altitudes (15, 25, and 40 km) and for two spectral
ranges (Bands D and E).

into a change of the line strength which is directly translated into a retrieval error, due to the linear
relation between the absorption coeLcient and the line strength (Eq. (3)). The error on the retrieved
N2O reaches a value of 0.4% (see Fig. 8, left plot), i.e., the same order of magnitude as the found
deviation in partition function ratios (see Fig. 1). Regarding the HNO3 retrieval, the JPL partition
function ratios have slightly larger deviations from the HITRAN ones, and therefore the retrieval
error is also slightly larger. This reaches a value larger than 1% in the altitude range where a good
retrieval precision is achieved (see Fig. 8, middle plot). The error on the ClO retrieval is only
remarkable at altitudes around 20 km (Fig. 8, right plot), which is caused by the deviation, mainly
at low temperatures (see Fig. 3), of the JPL partition function ratios from the HITRAN ones. By
looking at the temperature pro7les (Fig. 5), one sees that the lowest temperatures are reached at
altitudes between 15 and about 20 km, explaining the found behavior.
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Fig. 7. Error on the retrieved O3 in Band B (left), in Band E (middle), and in Band F (right). The retrieval precision
is also displayed in each plot. For the sake of clarity two x-axis are used: the bottom x-axis refers to the error due to
the diGerences in the partition function (displayed with dotted line), while the top x-axis refers to the retrieval precision
(displayed with solid line).

Fig. 8. Error on retrieved N2O in Band E (left) and HNO3 in Band C (middle), and ClO in Band E (right). The retrieval
precision is also displayed in each plot. For the sake of clarity two x-axis are used: the bottom x-axis refers to the error
due to the diGerences in the partition function (displayed with dotted line), while the top x-axis refers to the retrieval
precision (displayed with solid line).

It is interesting to see that the error on the retrieved BrO is rather large (see Fig. 9), despite
the fact that the same data for the partition function has been used (only JPL provides the partition
function for this species) to simulate the reference and ‘perturbed’ measurement. The error is slightly
larger for the retrieved BrO in Band E. By looking at the species absorption spectra (Fig. 4), one sees
that the strongest BrO lines are superimposed on strong lines assigned to other molecular species,
and therefore the information on BrO cannot be well separated. Therefore, wrong partition functions
of the other molecular species are partially turned into systematic error on the retrieved BrO. The
error on HC1 in Band F has a maximum of about 0.9%, thus, again similar to the deviation in the
partition function ratios (Fig. 3).
All presented results refer to the major isotopes; thus, they are unaGected by the used approxi-

mation for the vibrational corrections of minor isotopes (using the vibrational modes of the main
isotopes).
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Fig. 9. Error on retrieved BrO in Band D (left), and Band E (middle), and retrieved HCl in Band F (right). The retrieval
precision is also displayed in each plot. For the sake of clarity two x-axis are used: the bottom x-axis refers to the error
due to the diGerences in the partition function (displayed with dotted line), while the top x-axis refers to the retrieval
precision (displayed with solid line).

Fig. 10. Error on the retrieved atmospheric temperature pro7le in Band B (left), in Band E (middle), and in Band F
(right). The retrieval precision is also displayed in each plot. For the sake of clarity two x-axis are used: the bottom
x-axis refers to the error due to the diGerences in the partition function (displayed with dotted line), while the top axis
refers to the retrieval precision (displayed with solid line).

Regarding the temperature retrieval, one sees that the error caused by the diGerent partition func-
tions could reach a value of about 0:4 K at lower stratospheric altitudes (Fig. 10). This is expected
as generally the diGerences in the partition function ratios are increasing with decreasing temperature
(see Fig. 3 and Table 3). Fig. 4 shows that the lower temperatures are reached at lower stratospheric
altitudes, explaining the error which appears at this altitudes. The error in case of Band B is larger,
due to the fact that the information on the temperature are mainly taken from the O2 minor isotope
(‘67’) line, while in the other displayed bands (Bands E and F) the information are mainly extracted
from the O3 lines. The deviations in the two partition function ratio data sets for the minor isotopes
O2 are about 0.6% at low temperatures, larger compared to the O3 ones (see Fig. 4).

5. Conclusion

The purpose of this paper was to compare diGerent existing partition function data sets. The
investigation focused on the HITRAN and JPL partition function ratio, R(T ) = Q(T )=Q(T0), as
this is the interested quantity for our purpose. In a 7rst step, the spread of the partition function
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ratios given in the two data sets from a simple approximation value (Rsimple) given by theory was
investigated. We found that the HITRAN partition function ratios are usually higher than the values
quoted by the simple approximation. This is well understood as the approximation refers to the
rotational partition function while the HITRAN provides the total partition function. The highest
deviation is found for ClO (16%, explained by the fact that this molecule has a high vibrational
mode), but also for other molecules (usually molecules with a more complicated structure) such as
SF6 (188% at 150 K), ClONO2 (158% at 150 K) (see Table 1). The JPL partition functions (which
refers only to the rotational part) are much closer to the simple approximation values. The highest
deviations are also found for some molecules with a high number of atoms such as CH3CN (27%
at 150 K), and ClONO2 (19% at 150 K), but also for the linear molecules NS (20%), NO (18%),
ClO (18%).
Comparing directly HITRAN and JPL partition function ratios we found that, with some excep-

tions, the two data sets are in good agreement, if a vibrational correction is applied to the JPL
partition functions. Only for 16 molecules (out of 66 considered molecules), the deviations in the
two data sets are larger than 1%. The largest discrepancy appears for ClONO2 (23% at 150 K).
Some deviations, much smaller (around 2%, or less), are found, e.g., for HCl, HOBr, and HBr. The
best agreement is found, e.g., for OH, HOCl, H2O (main isotope), and SO2.
Retrieval simulations (employing OEM) and a basic error analysis (using linear mapping method)

show that an uncertainty in partition function can lead to a retrieval error of the same magnitude
as the uncertainty itself. The MASTER instrument is chosen as a state-of-the-art instrument. We
7nd that, for the case of the molecular species with strong signatures, an uncertainty in the partition
function ratio is directly translated into a retrieval error. This is the case, e.g., for O3 for which the
deviation of about 0.3% of the JPL partition function ratio from the HITRAN one generates an error
of 0.3% on the retrieved O3, in the altitude range where a good retrieval precision is achieved (15–
45 km). An uncertainty in the partition function of molecular species with strong signatures can have
a high impact on the quality of weak species retrieval. This is the case for BrO, although the same
partition function data was used to simulate both the reference and the ‘perturbed’ measurement, the
error due to the uncertainties of the partition function of other molecular species generate an error
of about 20% on the retrieved BrO.
In conclusion, one has to point out that care should be taken when the partition function data

are used. For the considered instrumental set-up, the errors are not so dramatical for a particular
pro7le, a consequence of the fact that no molecular species with very diGerent partition functions
are involved. However, one should keep in mind that the error in the partition function propagates
almost linearly into the retrieval of the molecular species in concern. Thus, the retrieval error would
be much critical for molecular species having high uncertainties in the partition function (such as
ClONO2). Also the introduced error is a systematic one, small systematic errors in O3, as found
here, are important for trend analysis over longer time spans.
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