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The data incorporated in the HITRAN database for “NH; are analyzed using a compre-
hensive and consistent set of quantum numbers, empirical lower energy levels and the
BYTe variationally calculated line list as reference points. Labelings are checked to ensure
that they obey both the usual selection rules and the HITRAN labeling formalisms; the
problems identified are corrected where possible. Further assignments are brought into
question by combination difference (CD) checking of implied upper energy levels. The CD
analysis yields an 89% complete “NH3 energy level list up to 6610 cm™! and J=21, self-
consistent to 0.1 cm™. In combination with the 1723 previously unassigned and unlabeled
lines in HITRAN a total of 2529 problem lines were identified for re-analysis. The compiled
energy level list was used to label and assign the set of problem transitions, resulting in a
total of 249 new assignments and a further 368 new labelings. Assignment by comparison
with the reference line list resulted in 111 further new line assignments and 14 new
labelings. Intensities are checked against recent measurements and BYTe. New intensities
are proposed for the v, band with new intensities and line positions for the 2v,—v, and
new line lists are created for the v,—v;, v;—v4 and v4—v4 bands. BYTe band intensities are
analyzed to identify other regions of missing intensity.
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1. Introduction natural sources of ammonia including oceans, animal

respiration and soil microbial processes which contribute

Global ammonia emissions have more than doubled
during the period of industrialization, largely due to wide-
spread use of intensive agricultural techniques and in
particular the use of fertilizers [1]. Furthermore, livestock,
waste management, biomass burning and industry give
additional anthropogenic contributions beyond that of
nitrogen-based fertilizers. There are also a number of
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to the global ammonia budget.

The release of ammonia into the atmosphere has a
number of undesirable consequences, (e.g. Sutton et al.
[2]) and there is a particular concern that the increasing
presence of reactive nitrogen in our atmosphere, which
comes from the release of ammonia, will lead to significant
climatic consequences [3]. However, the actual ammonia
emission budget remains uncertain, perhaps by up to 50%
[4]. In particular its relatively short atmospheric lifetime
and the large variability in its emissions means that any
attempt to monitor ammonia concentrations should use
high spatial resolution.

There have been a number of attempts to use spectro-
scopy to monitor atmospheric ammonia concentrations
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from space, such as the measurements reported from the
IASI/MetOp [5], MIPAS [6] and TES [7] satellite experi-
ments. These remote sensing applications are heavily
dependent on the availability of reliable laboratory data
for ammonia. However, the available laboratory spectro-
scopic data are not entirely satisfactory. For example, a
very recent intercomparison of eleven ammonia measure-
ment techniques [8] identified the quality of gas phase
standards as one of the three significant issues affecting
the precision of the measurements.

Ammonia is also known to be present in both gas giants
[9] and cool brown dwarfs [10,11] where it provides an
important source of opacity. Its presence has also been
predicted in exoplanets [12,13], but is yet to be detected.

The room temperature spectroscopy of ammonia is
encapsulated in the HIgh resolution TRANsmission mole-
cular absorption database (HITRAN) [14]. Recent editions
of this database incorporate 29 084 predominantly experi-
mental transition frequencies and intensities for two
isotopologues. In most case labelings are also given using
the normal mode convention for vibrational states and the
usual rigid-rotor convention for rotational states. These
data come from the 10 sources [15-24]. However, some of
the data in HITRAN has not changed since the 1986 edition
and recent experimental [25-29] and theoretical studies of
the spectrum of ammonia [30-34] suggest problems with
this compilation. In particular, a number of new measure-
ments [25-28] identified problems with line intensities in
the v, band of the HITRAN data and Chu et al. [29] report
new accurate intensities for the 2v,—v, band which raise
further issues.

Whilst usually considered of secondary importance to
the positions and intensities, correct assignment of upper
and lower energy levels to observed transitions is impera-
tive in the previously mentioned applications due to the
Boltzmann factor in the transition intensity expression
[35]. Hence, complete and accurate assignment of energy
levels to experimental spectra is vital. However, this is not
found to be uniformly true in HITRAN, for which several
assignment issues have been identified. To achieve the
goal of improved assignment it is usual, although not
strictly necessary, to adopt some approximate set of
quantum numbers to label the energy levels in some
systematic manner. We note that for ammonia this is
problematic for higher polyads [23,36]. In this work we
propose a consistent set of quantum numbers for the
energy levels of ammonia and then attempt to use these
for the transitions given in HITRAN. At the same time we
compare the HITRAN line intensities with recent measured
[25-28] and calculated [34,33] intensities and propose a
number of improvements.

Throughout the analysis we make frequent use of the
variational line list due to Yurchenko, Barber and Tennyson
[34] henceforth referred to as BYTe. These calculations
used an empirically refined potential energy surface [37],
an ab initio dipole moment surface [38] and the program
suite TROVE [39] for all nuclear motion calculations.
TROVE uses a unique local mode representation and a
truncated expansion for the Kinetic energy operator.
Labels, in either local modes or the ordinary normal mode
quantum numbers, must be estimated via expansion of the

wave-function. However, although such labels may be
approximate in either convention, the calculations employ
only rigorous quantum numbers and automatically
account for all resonances. Experience has shown that
use of empirically corrected frequencies with ab initio
dipole moments is an effective method of predicting
reliable transition intensities [40,41].

In this paper we review the current contents of the
HITRAN database. The only lines we propose deleting from
the HITRAN data are those 51 lines belonging to 2v,-v, we
consider to be unreliable (see below). Section 8 describes
the addition of many more new lines produced using a
combination of empirical energy levels and BYTe intensi-
ties in the 2U9—U9, Uy + Ug—U4, V4—V2, V4a—U4 and 21070219 hot
bands, which leads to a final line list with an increased
total size of 40 224 lines.

2. Ammonia quantum numbers

As nicely illustrated by Fig. 69 in Herzberg [42], the
structure of quantum numbers of ammonia energy levels
becomes increasingly complicated upon multiple excita-
tion of the degenerate modes. This leads to the problem of
under specified states when using the traditional quantum
numbers employed by HITRAN, in regions involving multi-
ple excitations of degenerate vibrations.

To counter this problem, we suggest the following 13
quantum labels as a complete set describing the vibration-
rotation states of the non-rigid NH; molecule:

01,02,03, L3, 04, La, L, Tyip, ], K, 1, T'rot, ot (1)

where I3=|l3], Liy=|ly], L=]|l|, K=|kl. Here v
(i=1,2,3,4) are the vibrational normal mode quantum
numbers, I3, I4, and [ are the vibrational angular momen-
tum labels; J is the total angular momentum quantum
number, k=—/,...,] is the projection of the total angular
momentum on the molecule fixed axis z; i=a/s is the
inversion symmetry of the vibrational motion; and Iy,
Irot and I'ye are the symmetry species of the rotational,
vibrational, and total internal wave-functions in the mole-
cular symmetry group Ds,(M) [35], respectively, spanning
Ay, A’q, A5, A”,, E’, and E”. Since we only consider the
ground electronic state, which for ammonia is a singlet
state, we use I'tor, Which is equivalent to I'pye, the sym-
metry species of the total internal wave-function exclud-
ing nuclear spin. Because of the nuclear spin statistics of
ammonia, #A’1,A”1. Use of the symmetry labels I'tot
and Iy, in theory allows us to omit the commonly used
inversion labels (+/-) or s/a (see below). However, these
are retained as a useful tool in spectroscopic analysis.
These 13 quantum numbers are sufficient to completely
describe the behavior of the four normal modes of vibra-
tion, two of which are doubly degenerate, and the rotation
and inversion of the molecule. However, not all of them
are always necessary, i.e. for many low-lying states this
quantum number set is over-specified.

As ammonia's ground electronic state is a singlet state
possessing no total electronic orbital angular momentum
J=N, where N is the rotational angular momentum. The
rotational assignment is usually associated with the rigid
rotor wave-functions |J,k,m), where m=—J,...,] is the
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Table 1
Symmetry species of the rotational states of ammonia in the Ds,(M)
group (n=0,1,2... and K>0) [35].

K Irot
0 J even A

J odd Ay
6n+1 E"
6n+2 E’
6n+3 A"y +A"
6n+6 A1+ A

projection of the total angular momentum on the laboratory
fixed axis Z. For reasons explained below we describe rotation
using the absolute value of k, K =|k| (see Eq. (1)). When
symmetrized (see Ref. [43]) the rigid rotor functions can also
be associated with the irreducible representation of D3y, (M),
as described in Table 1. The permutation (23) can be used to
distinguish the A]; and A; (f="and ") components in Table 1,
see, for example, Ref. [43]. This operation leaves the AI
function unchanged, while acting (23) on the A; rotational
function changes its sign. This is usually associated with the
rotational parity s = (—1)™, where 7ot =0, 1 [43].

The Herzberg convention assigns the symmetric stretch-
ing mode v, and symmetric bending mode v, (often referred
to as the umbrella or inversion motion) with the quantum
numbers v and v, respectively, which are usually associated
with the one-dimensional (1D) harmonic oscillator wave-
functions [35]. The inversional umbrella motion (v;) is
responsible for observable tunneling splitting between the
two equivalent equilibrium structures, which split every
energy level into a doublet. This gives rise to the commonly
used inversion labels, i=s/a for the umbrella mode 4,
sometimes denoted v;°, which determine whether a given
state is symmetric or antisymmetric on inversion through
the planar configuration, respectively. The two doubly
degenerate vibrational motions v3 and u4 are assigned
v3 and o4 respectively and give rise to the additional
vibrational angular momentum labels I3 and [;, where
i = —vj,—v; + 2, ...,v;=2,v; with i=3,4. This description is
usually linked to the 2D isotropic harmonic oscillator wave-
functions |v§'> [35]. The vibrational angular momentum labels
I; can be associated with the symmetry of |u§"> as follows:
[;=0 corresponds to A’y, lj= +3n to A’y and A, with
n=1,2,... and l;#+3n to E for n=0,1,2,.... The two
vibrational angular momentum labels are then coupled into
the total vibrational angular momentum [ =I5 + I, which is
also related to the distinct irreducible representation Iy,
according to the rule given above, with one important
exception: the [=0 wave-functions can span both A’; and
A’5. The role of label [ is to assist in assignment of the total
rovibrational state considering the coupling of the vibrational
and rotational components. Towards this end the combina-
tion G=k-Il or G=k+ I (introduced by Hougen [44]) is
often used in place of the total symmetry I'y. G is a good
quantum number [44] for a XY3 molecule even though
neither [ nor k are. This gives rise to the following set of
quantum numbers commonly used in different combinations
(compare to Eq. (1)):

01,02,03,13,04,14, 1,1, ], k, G, (2)

which in principle should be sufficient to unambiguously
identify any rovibrational state. However, in practice the
signs of the projections of the angular momenta (both
rotational and vibrational) are not always known; only their
absolute values are physically meaningful [45-47]. Therefore,
we propose instead using the labels L; = |I5], Ly = |l4], L= 1],
and K = |k| specifying the absolute values of the momenta
projections. Similar labels have been adopted for an effective
Hamiltonian study of methane [48]. In order to provide the
missing information and resolve the splittings which arise
from interaction of the vibrational and rotational states, we
will require the vibrational and total symmetry labels Iy,
and total 'y in place of i=s/a and G = k-I. The idea is to
form the rovibrational assignment (1) starting from coupling
the vibrational modes followed by their coupling with the
rotational state with the help of the multiplication rules for
D3p(M) [35]. This effectively leads to a manifold
(01, 02,05, 05, L,],K) spanning different values of 'y, I'rot
and Iyt as shown below.

The v; mode has A’; symmetry and does not alter I'y;,
and Ir. The coupling of v,, v3 and v4 will therefore define
the vibrational symmetry labels in the molecular symme-
try group Ds3u(M), including the labels 7='(s) or "(a)
originating from the inversion parity (s/a) of the umbrella
mode v,. This is due to the fact that the umbrella mode v,
has symmetry A’y /A", for (s/a) respectively.

In order to couple the .5 and /4* modes we use (i) the
standard multiplication rules for irreducible representa-
tions and (ii) the rule for adding the angular momenta
projections =I5 + I. The latter in terms of the absolute
values gives rise to two possible values for L = || namely
L=1L3 + Ly and L = |L3—L4|. The total vibrational symmetry
Tyip is constructed as a product of the symmetry of the
individual vibrational modes and the umbrella mode 5.
The total symmetry It is the product of the vibrational
symmetry Iy, =A'1,A’5,E',A"1,A">, E” with the rotational
symmetry spanning analogous irreducible representations
of D3, (M) (see Table 1).

Let us consider an example of constructing all rovibra-
tional states labeled wv3+u4 (v1=0, v,=0° and
v3 =v4 = 1), and K=2. In the representation of Eq. (2) we
obtain eight components corresponding to the following
five states:

J i k G vi vy vz v I3 I 1
s =2 0 00 1 1 -1 -1 =2
s 2 0 1 1 2
s +2 +4 F1 F1 F2
s +2 F2 F1 +1 0
s +2 F2 +1 F1 0

The same five states in the representation of Eq. (1)
read:

J Twe K o vi o va vz vg ||l Il Ty
Ay 2 FE 0O 0 1 1 1 1 2 F
A 2 F
E' 2 F
E’ 0 Ay
E' 0 A,

The vibrational and rotational symmetry can be partly
deduced, respectively, from the values of L and K. For
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example the vibrational (rotational) state with L(K)#3n
corresponds to the E irreducible representation. In this
case the symmetry label I'yy, (I'tor) in Eq. (1) can be
considered redundant. However, when L(K) = 3n an addi-
tional label is required to distinguish the two correspond-
ing AI and Ag components, for which I'y;, and I'yo are used
here. Alternatively, the parity label s could be used if
following the labeling scheme suggested by Watson for
X3 molecules [49]. This label specifies the transformational
property of the vibrational or rotational components of the
function upon the permutation operation (23) (see above).
Other schemes have also been proposed [50,51] for similar
systems.

It should be noted that the number of vibrational states
increases rapidly with multiple quanta of vibrational
excitation. This leads to the situation that assignment of
the approximate quantum numbers Ls, L4, L, K is not
always possible, due to mixing between wave-functions
in the eigenfunctions, and simple counting quantum
numbers have been used instead [20,23,36]. It is often
the case [17,20,21,19] that upper states are strongly mixed
and therefore not labeled with a full set of approximate
quantum numbers. Transitions to such states are described
as assigned but with upper states unlabeled.

The corresponding selection rules are the standard
angular momentum selection rule, AJ=0, +1 and the
imposed symmetry conditions resulting from the general
requirement,

(P'incluald"ine)#0, A=X,Y,Z, 3)

where ¢, is a rovibration-inversion eigenfunction. These
rigorous selection rules are given by parity change of the
total internal wave function in any transition, and ortho/
para conservation which stipulates for ammonia that the
rovibronic-inversion symmetry species can only change
between A, and A”, for ortho nuclear spin states and
E’ and E” for para nuclear spin states. The corresponding
statistical weights g, are 12 for ortho (A’,/A”;) and 6 for
para (E'/E") states. The A’; and A", states have g, = 0 since
the corresponding nuclear spin states do not exist for a
pyramidal XHs molecules of Ds3,(M) symmetry [35]. These
rigorous selection rules are often expressed in terms of the
good quantum number G as AG=A(k-)=0, +3, +6...,
involving the non-rigorous quantum numbers k and [, with
the additional propensity rule that AG =0 transitions are
“allowed” and those with AG#0 are “forbidden” and thus
weak. In fact all HITRAN lines and all new assignments
were required to meet these conditions in our updated
version.

3. HITRAN problems

The starting point for present analysis is the 27 994
“NH; transitions given in the 2008 edition of HITRAN [14]
which in practice has not been updated since the 2000
HITRAN edition [52]. Table 2 lists the sources of the
transitions given in HITRAN. The 1090 transitions of the
15NH; isotopologue are not considered here.

A first issue is that HITRAN only gives a maximum of
nine quantum number labels: vy,v7,v3,04,1,1,J,K and in a

Table 2
Summary of NH; data sources in HITRAN 2008 [14].

Range (cm™') Bands No. lines Refs.
0-2140 vo /v pure rotation 14 221 [24]
0-1245 vy /2v7-v 1616 [15]

1170-2160 3vy—vy /vy + va—1; 1250 [21]
1250-2135 2u; Jug 3692 [20]
2150-3100 3uy/va +va 1151 [18]
2200-2750 Ay~ J11—va U3 —12 676 [22]
2980-3635 v1/v3[2u4 3348 [23]
4030-4710 v v /va +u3 1130 [17]
4790-5295 vl +ug/us g 2000 [19]

few cases I'yjp. This specification is insufficient to describe
ammonia's energy level structure in both the case where
both I3 and I4 are non-zero, such as v3 =v4 =1 vibrational
levels, and combinations where both the rotational and
vibrational wave-functions have E symmetry which arise
when K=1,2,4,5,7,8,...and L=1,2,4,5,7,8, ....

HITRAN makes use of only a single signed I=I3+l4
value. This gives rise to problems in the v3 +wv4 band
where the translation between these two systems is not
well defined for [=0. States with [=0 have two symmetry
levels, A’y and A’, respectively (see above). Furthermore
HITRAN uses a I=-1, 0, +1 labeling for this band rather
than
l:—2, 0, +2.

We now turn to the actual line data in HITRAN. First it
was found that a total of 933 lines of 3v5 /19 + 14 in the
2150-3100 cm™! region taken from Kleiner et al. [18], and
v3 + v4/v1 + 14 in the 4790-5295 cm™! region taken from
Brown and Margolis [19], had conflicting assignment of
inversion symmetry labels. This label is over-specified in
the format adopted by HITRAN and the problem occurs
when the rotational and vibrational quantum labels carry
conflicting inversion symmetry labels. However, through
testing for ortho-para violation and swapping of a and s
labels it was possible to correctly assign all but 15 of these
transitions, these 15 lines were therefore marked as
unassigned.

Consistency checking of the already assigned lines
resulted in many lower state energies having discrepancies
greater than 0.1 cm™'. These were found to come with two
distinct sets of matching lower energies in most cases. To
resolve these inconsistencies the empirical lower energies
of Chen et al. [53] were used to replace all assigned lower
energies. These provide a self consistent set for J up to 20
and therefore were complemented with empirical J=21,
22 levels taken from HITRAN, which our analysis and
comparison with the results of Yu et al. [54] suggest are
reliable.

Subsequently, upper energy levels were derived as the
sum of these lower levels and transition wave-numbers as
part of combination differences (CD) checking of implied
upper energy levels. This resulted in 1973 transitions
associated with 403 upper levels having combination dif-
ference errors greater than 0.01 cm™'. The problem levels
described were predominantly found to belong to two
distinct energy values coming from different vibrational
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bands and, in many cases, were also found to involve data
from hot vibrational bands.

In particular, upper energy levels produced from transi-
tions within the 21,-1, hot band using data which
originally appeared in the 1986 edition of HITRAN [14]
are in consistent disagreement with the corresponding
levels characterized using the 2, band of Cottaz et al. [20].

All assigned transitions were found to obey simple
angular momentum selection rules. However, inspection
revealed seven transitions which were removed from the
data set for inspection as they violated both ortho-para
conservation and parity rules. These strictly forbidden
transitions came predominantly from the v3 + v4/vq + vy
bands work of Brown and Margolis [19]. Inspection
revealed that these lines broke the selection rules on K
and [ for this band only by the sign of I Alteration of [
labels in these misassigned lines successfully corrected all
but one of these errors, and after a further check the
corrected lines were replaced into the list. The remaining
line was found to have a forbidden A’y lower state labeling
which could not easily be corrected and was removed from
the analysis for later reassignment. A further five lines
from the work of Brown and Margolis [19] were found to
have forbidden K > J labelings which could not be easily
corrected, and so were removed for reassignment.

4. The energy level list

From further CD it was then possible to derive an energy
level list which combined the previously described lower
energy levels and averages of implied upper energy levels
derived from CD where possible. This was done as part
of CD checking of the data in which the averages and
deviations of all energies which agreed within 0.1 cm™! were
produced.

M.J. Down et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 130 (2013) 260-272

The original fitted data of Kleiner et al. [23] were used to
replace the transition frequencies in HITRAN, for values that
did not agree with this source of data, in an attempt to remove
disagreements for the v1, v3 and 2uv4 bands. In particular six
CD problems greater than 0.1 cm™! were resolved.

At this point only 113 transitions involving 35 upper
levels had disagreements greater than 0.1 cm~' and these
were found predominantly to come from disagreement
between the 2v, and 2v,—v;, data. Whilst the 2u, frequency
data of Cottaz et al. [20] are accurate up to about
10~*cm™!, the 2v,—15 data [15] are quoted with accuracy
greater than 1 cm™!. Furthermore, the 2v,—v, data are only
referenced to the HITRAN 1986 database [15] and it was
not therefore verifiable by comparison with an original
source. As a result upper energy levels were derived from
the 2u, band where possible, and 2u5—1, lines from
HITRAN 1986 not consistent with these values to within
1cm™! were not used in the analysis below. However,
upper levels belonging to only 2u,-u, transitions were
retained at this point.

Since all other CD upper levels occurred in bunches, it
was possible to resolve all remaining problems by a
judicious choice from two distinct sets of energy levels
in each case. In this way most of problems were resolved
where the majority of transitions agreed well, by choosing
the average energy of the “good” set as the energy level.
This logic was applied to all the remaining combination
differences to select an energy level, and in general
amounted to favoring data from “cool” rather than “hot”
bands. Again, all transitions causing upper state discre-
pancies were removed for further analysis.

This process left a list of 3629 energy levels with
average deviations of 3.6 x 10> cm™! for lower states
and 7.7 x 10~*cm™' for upper states derived from CD.
Note it is not possible to derive deviations for upper state
energies which had only one or two corresponding

2 T I T I T Ia T 1 R T I T I
1.5 . -V
- Vz
1 02V2
| Vy
—_
= 05| 2v,
3) i V3
= V3TVy
5 0 Votvy
M - V,tv3
2 .05 -3v,
m i Vi
1k v, tv4
L vitvy
-1.5 —
2 R T T T T B
0 1000 2000 3000 4000 5000 6000
-1
Ecalc (Cl’l’l )

Fig. 1. Energy residuals between HITRAN derived empirical levels and variationally calculated BYTe levels following matching based on rigorous quantum
numbers. Levels are color coded according to vibrational band. (For interpretation of the references to color in this figure caption, the reader is referred to

the web version of this article.)
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transitions but these are included in the energy list never-
theless for completeness. These observed energies were
listed alongside the complete set of 4710 possible levels up
to J=21 for the vibrational bands considered here.
This constitutes an approximately 89% complete energy
level set with a maximum energy at around 6100 cm™".

The energy levels were further verified by requiring a
match with the BYTe energy levels based on the rigorous
quantum numbers, total angular momentum | and total
symmetry 'y The results of this matching are shown in
Fig. 1 separated by vibrational band. At this point 26 2u;
energy levels were removed, having no corresponding BYTe
level within 10 cm™!; these levels all have ] > 14 and involve
upper levels from the unreliable 2v,—v, band data. It is
possible that the large residuals seen here between BYTe
and corresponding HITRAN derived empirical energy values
for some levels are due to errors in the variational calculations.
However, this is thought to be unlikely for errors over
10 cm™}, since such large errors are out of keeping with the
residuals expected from inspection of Fig. 1. Such levels were
hence deemed unreliable, and removed. This left 3603 levels.

Subsequently, the compiled energy levels were applied
to the set of all remaining assigned transitions. In total 779
transitions were removed from the data set for re-analysis
in this process as their assignments were considered
dubious. In general the lower assignments of these transi-
tions were still considered reliable. However, a question
remains over the quality of the 25— transitions provided
by HITRAN 1986 [15], and these lines are not analyzed
further here. A remeasurement of the band is clearly
necessary.

5. New assignments

Trivial assignments can be made when the difference
between two energy levels which comprise an allowed
transition is found to match the unassigned experimental
frequency within its error margin. Ideally, a complete and
sufficiently accurate energy level list combined with an
accurate spectrum would allow all lines to be assigned in
this way but this is not usually the case and other methods
must be considered.

The complexity of the NH3 spectrum has hindered the
application of standard methods of assignment due to
large inversion splitting, [-doubling, and the strong inter-
actions between many different vibrational bands. We
therefore employ methods which depend upon the knowl-
edge of an accurate energy level list and/or calculated
spectrum. It may be possible to assign transitions purely
by comparison with a calculated line list. In order to avoid
misassignments, previously assigned lines must be
removed from the reference line list at this point. It is
then possible to search for calculated lines with similar
positions in the reference line list in order to make
assignments. Furthermore, calculated transition intensities
can be used to match lines in dense regions of the
spectrum where the position alone is not enough to
identify an assignment. This was found to be most suc-
cessful when attempted graphically.

It is also possible to make use of the fact that errors
between observed and calculated values within a

vibrational band vary in a systematic way as J and K vary.
This obs-calc error of any proposed assignments to already
partially assigned branches of the spectrum may then
indicate the validity of the assignments and the correct
assignment can be more easily picked out. This technique
known as the “method of branches” is explained further
for water spectra by Polyansky et al. [55].

In comparison with calculated line lists, the break
down of the normal mode model at higher energies adds
an intrinsic flaw to attempting to assign vibrational quan-
tum labels in the normal mode picture. Whilst many of the
most accurate calculations are made using local mode
theory in various coordinates, for comparison with experi-
mental assignments the labels used are generally trans-
formed into the traditional labels by some means: the
largest coefficient of expansion method for example.
However, this process is not perfect and may in some
cases give rise to misleading vibrational labels. It is there-
fore important to remember that only the symmetry
species, parity label and J quantum number of a state
provide rigorous quantum labels and all other labels are
approximate and in some cases arbitrary.

6. Assignments to HITRAN

Of the 1723 incompletely assigned “NHj lines in HITRAN,
11 001 are unassigned lines in the 4790-5295 cm™! region
from Brown and Margolis [19] and 53 are unassigned lines in
the 2200-2750 cm™! region from Kleiner et al. [18]. The
remaining 569 lines come from Cottaz et al. [20] in the 1335-
1978 cm™! region and Kleiner et al. [23] in the 3010-
3598 cm™! region with 249 and 421 lines respectively. These
are partially assigned with lower state energies, complete
lower labels and upper state | labels. This set was combined
with the set of problem assignments prior to the assignment
process. Note that in general the errors in the experimental
frequencies are much larger than those in the lower-state
energy levels (typically by three orders of magnitude) and so
only this error was considered in what follows. Furthermore,
selection rules were required to be obeyed by all new
assignments.

Firstly, trivial assignments were attempted whilst
retaining lower energy level assignments. This led to six
labelings, all of which were labeled for the first time.

The remaining lines were recombined with the forbid-
den transitions prior to trivial assignment via our com-
piled energy level list. It was possible to trivially assign 128
lines to within the error of the HITRAN frequency, using

Table 3
Summary of assignments to HITRAN.

Type of assignment  No. assigned  New assigned  New labeled

Trivial labeling 6 0 7
CD labeling 485 0 260°
Trivial assignment 127 127 0
CD assignment 257 121 102
BYTe 162 m 14
Total 1038 360 378

¢ Upper state J labels were only altered for a small minority of lines.
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the reference energy levels. All these were new assign-
ments with new labelings.

CD labeling retaining HITRAN lower energies resulted
in 250 new labelings and many confirming re-labelings. In
this case upper energies were required to have a corre-
sponding BYTe energy level match within a 1 cm™! error,
the matching levels only being permitted to have certain
allowed | and I values. As a result 161 new levels were
added to the compiled energy set.

Further CD resulted in 257 new assignments. Upper
levels were required to agree better than five times the
quoted experimental error in HITRAN, and only matches of
at least three transitions or more corresponding to a single
upper level were considered. Again upper energies were
required to have a corresponding BYTe energy level match,
from which the upper labels were taken. It is important to
note that these labels may not always be exact, as will be
discussed below. All the above assignments and labelings
are summarized in Table 3.

A reference line list calculated variationally at 296 K
using a rotation-contortion-vibration Hamiltonian with
an intensity cut off at 1.7 x 1073° cm™!/(molecule cm~2) at
296 K was produced using the BYTe line list.

To use BYTe to make assignments it is necessary first to
remove the 26266 verified lines already assigned in
HITRAN from the BYTe line list in order to avoid duplicate
assignments. However, the calculations used to construct
BYTe use local mode theory and local mode labels. Normal
mode labels must therefore be obtained using the largest
coefficient approach and may not be exact. In particular
the conversion process cannot distinguish properly
between »; and wv3, whilst the sum v +0v3 is always
conserved. Furthermore only the magnitude of I3 and I,
labels in BYTe are reliable and so it is not always possible
to derive the correct L label.

This makes direct matching of all transitions difficult
and the problem is compounded by the large number of
lines present in BYTe. However, by first matching the
empirical energy levels with the BYTe calculated energy
levels based on rigorous quantum numbers, and then
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Fig. 2. Intensity ratios of HITRAN and variationally calculated BYTe values at
296 K. New assignments are shown on top of previous assignments in red.
From all matched lines 5.0% have intensity ratios 0.01 > I ps/Icyc > 100. (For
interpretation of the references to color in this figure caption, the reader is
referred to the web version of this article.)

10000

1000

0.1
0.01

0.001

sovd vl vovvd svd ved vl 3 0

0.0001 +
1000 2000 3000 4000 5000 6000

v [em™]
Fig. 3. Intensity ratios of HITRAN and variationally calculated BYTe values

plotted against frequency of the transitions in question. Again, 5.0% of
lines have intensity ratios 0.01 > Ips/Icaic > 100.
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Fig. 4. Frequency residuals between HITRAN and variationally calculated
BYTe levels. For clarity only a sample region (0-2000 cm™!) is shown
although behavior was similar elsewhere in the spectrum. New assign-
ments (red) are shown on top of previous assignments (blue).
(For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)

calculating an equivalent BYTe frequency from lower and
upper BYTe energies the problem is considerably simpli-
fied. The empirical energy levels were matched relatively
easily to BYTe levels based on rigorous quantum numbers
alone in most cases, due to the lower number of energy
levels than transitions in the line list. The residuals shown
in Fig. 1 show the systematic errors associated with the
variational calculations made in BYTe.

In this way the vast majority of HITRAN lines (23 821)
could be matched to a calculated BYTe transition and
subsequently removed. At this point approximate intensity
agreement was required, resulting in several hundred lines
which could not be matched. Large intensity errors can be
expected for weak lines due to larger experimental errors
and difficulties in correctly modeling intensity stealing due
to resonances in the variational calculations [56] such as
BYTe. This can be seen in Figs. 2 and 3, which show the
intensity agreement between BYTe and HITRAN lines
plotted against line intensity and line position respectively.
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Among the matched lines, 5% have intensity ratios
outside the range 0.01 <Iyps/Icac <100. Of these, the
majority can be seen in Fig. 2 to belong to weak lines for
which we expect noisy intensity behavior. Such lines can
also be seen in Fig. 3 to come largely from the microwave
and far infrared transitions below 1500 cm~' belonging to
Refs. [15,24]. Intensities are discussed in greater detail in
Section 7.

Following this removal, assignment of remaining
HITRAN lines was attempted via direct comparison with
BYTe, considering both positions and intensities. In doing
so it was helpful to consider initially only the strongest
intensities, and indeed little progress could be made with
weaker lines. The results are summarized by Fig. 4 which
shows the position residuals and Fig. 2 which shows the
intensity ratios between BYTe and HITRAN for the new
assignments. In both cases the assignments are shown
alongside all previously verified HITRAN assignments.
These results, again summarized in Table 3, included 107
assignments to previously unassigned lines, four reassign-
ments and 15 new labelings. A further 36 assignments
confirmed the HITRAN labelings and assignments. We
emphasize that it is always possible that labelings derived
from BYTe are not consistent with those from other
sources. For a small number of lines vibrational labelings
from HITRAN were altered to those from BYTe in cases of
ambiguity. This resulted in a number of further new
labelings some of which belong to vibrational bands new
to HITRAN, which must therefore be considered somewhat
tentative.

In total there were 133 tentative assignments to vibra-
tional bands not present in the original HITRAN data.
Such assignments include both new assignments and
re-labelings of existing assignments using BYTe predicted
energy levels where the HITRAN labelings are considered

Table 4
Summary of “NH; assignments to problem lines in HITRAN.

Problem No. identified No. assigned
Unassigned 1154 237
Unlabeled 569 457
Bad CD 779 339
Bad parity 15 4
Forbidden 7 0
K>J 5 1
Table 5

Summary of tentative assignments to HITRAN lines in new vibrational
bands.

Band No. assigned Jvin Juiax No. levels
2uy +uy 66 5 19 28
2v) + 2u4 27 4 13 10
3uy 13 4 10 6
v+ 20 12 6 11 4
4v, 10 11 12 9
2y 413 7 7 10 2
4vy + 14 7 3 7 3
4vy—vy 3 3 6 9
) 2 12 12 1
V1 + v +vs-1p 1 5 5 1

, BYTe
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Fig. 5. Intensity ratios for the v, band at 296 K: comparison of BYTe [34]
and new measurements [25-28] with HITRAN [15]. Lines are grouped by
symbol according to lower state symmetry (a/s). In general HITRAN
intensities are found to be too weak for transitions from a symmetry
lower levels. Dashed lines indicate upper and lower limits according to a
HITRAN uncertainty estimate of 15%.
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Fig. 6. Intensity ratios for the v, band at 296 K: comparison of new
experimental intensities from Refs. [25-28] with BYTe [34]. Error bars are
taken from the experimental data where provided; for Nemtchinov et al.
10% error bars are used based on comparison with the other sources,
since experimental uncertainties were not available. In each case the
number of lines and root mean square deviation ogys are shown in
Table 6.

unreliable. These assignments are summarized in Table 4,
the majority coming from the CD analysis. For the three
assignments made by line list comparisons in the 4v,-v;
band, two are in agreement with the 52 previous tentative
assignments made in the 4v,—v- band by Cottaz et al. [21].
The remaining assignment is not verified by their work.

The 47 assignments made by the work of Huang et al.
[32] to unassigned HITRAN data are also found by our
work. These were in general agreement with our assign-
ments although our BYTe derived labels differ in some
cases. Out of these lines 18 (associated with five upper
levels) required significant relaxation of the error margin
used to achieve CD assignment. In some cases upper labels
derived from BYTe also differed from Huang et al.'s labels
in the manner previously discussed.
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7. Intensity comparison

Comparisons of HITRAN intensities with BYTe and recent
experimental values were carried out using quoted experi-
mental errors and HITRAN error estimates. In general agree-
ment was within these given errors, with three notable
exceptions.

Firstly, the microwave and v, far infrared data [24]
were found to be very noisy for absolute intensities
weaker than about 1072* cm~!/(molecule cm™2) at 296 K.
Furthermore, intensities from these sources were also
systematically shifted, in some case by more than the
estimated HITRAN uncertainty (15%) as seen in Fig. 5.
The structure visible in general corresponds to transitions

Table 6

Summary of recent intensity measurements for the v, band of “NH;
[26,25,27,28], giving the number of lines, average deviation é and root
mean square deviation ogys of comparison with BYTe [34] intensities.

Study No.
lines (cm™')

Freq. range | S ORMS
range (%) (%)

Guinet et al. [25] 22 1126-1172 9-11 -4.12 460

Nemtchinov et al. [27] 91 805-1118 0-8 -0.16 3.62

Fabian and Yamada [26] 126  770-1179 3-15 -3.05 4.82

Aroui et al. [28] 69 1067-1199 6-12 -1.29 3.03
Table 7

with a/s lower level inversion symmetry respectively, for
the relatively weaker and stronger bunches of lines.

As further validation, v, intensities were compared
with the recent and more accurate experimental intensi-
ties available for the v, band due to Fabian and Yamada
[26], Guinet et al. [25], Nemtchinov et al. [27], and Aroui
et al. [28]. These intensities show similar behavior and
agree very well with BYTe as depicted in Fig. 6. The data
are summarized in Table 6 alongside orys values of the
BYTe comparison. Where possible, these intensities are
used to replace the HITRAN values. Interestingly, the
intensities of the small number of lines measured in this
region very recently by Owen et al. [57] are in excellent
agreement with both HITRAN and BYTe. Elsewhere, we use
BYTe values for the v, intensities which we consider more
reliable than the HITRAN values in this band. However, we
suggest the need for a comprehensive set of accurate
experimental intensities in both this region and the
microwave region as a priority.

Secondly, the intensity ratios of Brown and Margolis
[19] when compared with BYTe were found to have
structure, with many lines systematically about 40-50%
too strong. However, these lines all came from the same
vibrational band and we attribute this problem to the BYTe
line list, in which errors may vary systematically between
vibrational bands.

Vibrational band strengths derived from the updated HITRAN data set N compared with values derived from BYTe variational calculations Sgyre and the
previously published HITRAN data Syyr. The values S are derived from previously published HITRAN data with BYTe intensities where possible. The number

of transitions N contributing to each value is also shown. For BYTe this value includes all transitions in the 0-8000 cm

-1 range with relative intensities

greater than 107'2. The band strengths are given at T=296 K in units of cm™'/(molecule cm~2) and do not include lines lacking vibrational assignment in
HITRAN. Band origins are given in cm™' and are taken from the relevant HITRAN sources [18-21,23] and for v, the work of Chen et al. [53]. In each case

values are for symmetric upper state transitions only.

Vib. band Origin SH[T NH[T Se N Sb Nb SBYTe NBYTe Sa/SBYTe
vo - 1.72x 107" 3888 1.76 x 10777 3668 1.72x 107" 3891 1.76 x 1077 6187 0.977
vy 9324 2.21x 107" 6872 2.26 x 10717 6676 2.25x 10717 6875 2.26 x 10717 12193 0.992
vy—1o - 142 x 10710 3409 1.55 x 10719 3300 141 x 107" 3409 155 x 107%° 5604 0.910
2u9—1s 665.1 235x 1071 655 1.78 x 1071° 242 472 %1071 2020  4.75x 107" 11321 0.993
3uy—1n 1963.1 139 x 1072° 275 1.56 x 10720 275 1.39 x 10720 280 1.61x 10720 10 909 0.865
Vs + v4—1o 1608.1 469 x 1072° 975 475 x 1072° 975 474 x 10720 986  4.88x107%° 20970 0.970
20y 1597.5 2.96 x 1071 882 291x10°" 875 3.03x 1071 924 313 x 1071 13615 0.967
va 1626.3 439x 1078 2561 420x 1078 2561 440 x 10718 2710 420x 1078 25265 1.049
3, 2384.1 1.79 x 10%° 385 1.82 x 1072° 332 1.77 x 1072° 346 1.87 x 1072° 11646 0.943
vy 44 2540.5 8.05 x 102! 975 6.72 x 1072 653 7.95 x 102! 986 7.34 x 102! 22557 1.084
v3—1; 2511.2 5.07 x 1072 461 539 x 1072 461 5.07 x 1072 455 5.99 x 102! 24 481 0.847
0 3336.1 8.53 x 10719 473 8.82x 10710 473 8.63 x1071° 536 9.08 x 10719 15212 0.950
v3 33436  450x 107" 1031 497 x107%° 1029 451x107" 1042 5.01x 107" 30712 0.900
2u4 32284 219x 107" 1524  235x107" 1492 228 x 10710 1659 2.56 x 10710 30701 0.890
2u4—1y 2298.9 243 x 10722 215 2.44 x 10722 215 2.57 x 10722 215 5.09 x 10722 25811 0.505
v+ 42945 113 x 10710 385 8.24 x 107! 105 113 x 107" 384 134 x 107" 17 605 0.841
v+ 4416.9 6.51 x 107" 745 717 x 1071° 506 7.33 x 10710 628 8.24x 107" 31758 0.890
v +va 4955.8 3.07 x 1020 234 8.24 x 107! 105 8.81x 1072 253 6.73 x 1071 66 042 1.308
V344 5052.6 6.36 x 10712 665 1.97 x 1071 208 3.68 x 10719 429  452x107%° 29610 0.814
vy + g3 + vg° - 6.67 x 10710 899 2.05x 107" 313 4.56 x 10710 682 719 x 107%° 95 652 0.635
P - - - - - 1.25 x 10720 2823 129 x 1072° 17671 0.967
2uy—2un - - - - - 1.75 x 10720 860 1.77 x 1072° 5810 0.992
v4—vo 693.8 - - - - 3.98 x 1072° 3585 412 x107%° 19 455 0.966
Uy + v4—v4 914.3 - - - - 1.78 x 10~2° 3600 1.82 x 1020 320915 0.977

2 Values derived using only lines in HITRAN with intensities taken from BYTe where possible. Note that for many bands lines with significant total

intensity could not be matched with BYTe.

b Values derived from our updated HITRAN data set using the results of this work.
€ Due to BYTes failure to consistently distinguish between v»; and »3 quanta the band strengths here are best compared in combination.
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Table 8

BYTe predicted band strengths (1072° cm~'/(molecule cm~2)) and band
origins (cm™') for bands not yet included in HITRAN but with predicted
band strengths greater than 1072° cm™'/(molecule cm~2). Band origins
are derived from symmetric /=0 BYTe energy levels. For degenerate
states the lowest energy states are chosen.

Vib. band Origin (cm™") SpyTe NpyTe

v1+u3 6608.5 17.93 30348
v+ 2u4 6603.7 11.85 76 115
vi+uvytus 5899.5 4150 63332
va—vo 693.8 4123 19 455
209 +3uy 6310.3 3.328 26237
2u3 6793.1 3.289 83570
vy + 2u4 4115.6 3.060 30141
2up +v3—12 4213.8 1.994 28943
2vy + g 3189.0 1.974 21768
3y 2384.2 1.872 11 646
vy +va—vs4 914.3 1.817 32915
2vy-2v; - 1.768 5810
v+ 209 +ug 6590.1 1.716 66 295
31915 1451.7 1.605 10909
Vs + 31> 34845 1478 24 498
Va—v4 - 1.290 17671
v+ tus 7656.3 1.249 28 955
3vy-2v; 786.7 1.096 9852

Thirdly, consistent disagreement was found for the
2u5—1; hot band, which has uncertainty in HITRAN quoted
as “unreported or unavailable”. Where possible these
intensities were compared with BYTe values and the 12
experimental values reported by Chu et al. [29]. These
lines have Iyir/Igyre values with a trend which tends to
0.5 at strong intensities. Comparison of HITRAN with the
10 Chu et al. lines which could be matched verifies this
finding having a mean Iyrr/Ich, value of 0.49. The inten-
sities of this band are clearly of poor quality, and con-
sidering the poor quality of positions in this band
mentioned earlier a new line list was produced as outlined
in the following section.

Elsewhere, intensities were in satisfactory agreement
although we note the conservative estimated uncertainties
of HITRAN as a reason for further improvement.

Finally, as a measure of completeness, band strengths for
each of the vibrational bands included in HITRAN were
compared with BYTe calculations for both previous and
updated HITRAN data sets. The values are compared in
Table 7, alongside the number of transitions included in
each summation. For BYTe the band strengths included all
lines with relative intensity stronger than 1 x 1072 times the
strongest line (5.516 x 107'® cm™'/(molecule cm™2)), in the
0-8000 cm™! range. It is important to note that since these
band strengths depend on vibrational labeling, interacting
bands and bands for which BYTe labeling is considered
unreliable may be better treated as a combined summation.

It is easy to use Table 7 to determine the regions where
HITRAN is lacking. In particular the 2v5,—v5 and 2v4-v;
bands appear to lack significant intensity. Furthermore
BYTe band strengths given in Table 8 indicate several
bands carrying significant intensity not yet incorporated
in HITRAN 2008. These include the vq + 2v4, v +v3 and
2v3 bands analyzed recently by Sung et al. [36] and
Cacciani et al. [58] which are being made available in the
new 2012 release of HITRAN [59].
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Fig. 7. Comparison of 2v,-v, lines for previous HITRAN data and the
results of this work.

8. New line lists for hot bands

Due to the poor quality of positions and intensities in
the 2v,—v, band described above, and the lack of line data
for the vy + v4—v4, v4—1-, v4—r4 and 20,21, bands seen in
Table 8, new line lists were created using the empirical
energy levels previously derived from HITRAN, and
BYTe intensities. The strategy of constructing reliable
line lists using empirical energy levels and ab initio transi-
tion intensities has recently been extensively tested for
water [56].

For the new line lists, BYTe lines stronger than the
HITRAN intensity threshold described by Rothman et al.
[60] were matched with new positions, computed from
the empirical energy levels, where reliable upper and
lower energy levels were available. The line lists were
then formed from these new positions and lower energies
alongside BYTe intensities and labelings. Due to a lack of
upper levels this was not necessarily possible for all lines.
The number of lines produced and the band strengths for
the updated line lists are included in Table 7.

In the case of 2v,—1, the 10 experimental intensities of
Chu et al. [29] were used to further improve the line list.
The result was used to replace the HITRAN data whilst
retaining previous HITRAN values for the air broadening,
self-broadening, pressure shift, and temperature depen-
dence values. This led to removal of 51 HITRAN lines which
are considered unreliable. There were also 1416 lines new
to HITRAN, for which, self-broadening, pressure shift, and
temperature dependence data were not available. A com-
parison of the resulting line list and the previous HITRAN
data are seen in Fig. 7. As discussed above the new
intensities are seen to be approximately twice the strength
of the previous HITRAN intensities. Furthermore, positions
were changed significantly, in some cases by over 10 cm™!.

For the V) + V4—V4, V4—L7, V4—l4 and 2v7—21y hot bands
all lines stronger than the HITRAN threshold were added
directly to the HITRAN data set. The numbers of new lines
and band strengths for the new data are included in
Table 7 alongside the total BYTe band strengths. Although
this is a significant improvement to the data set, new
measurements in these regions are still desirable.
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9. Conclusions

A critical and careful analysis of large experimental and
theoretical datasets has been carried out. Translation
between the normal mode and local mode treatments is
explored and the local mode labels of BYTe which are used
to provide quantum numbers in the new dataset. Section 2
species a complete set of quantum labels which uniquely
describes all ammonia's rovibrational energy levels; no
such complete set appears to have been previous specified
for this system. Whilst data belonging to HITRAN, usually
being the result of Hamiltonian fits, are retained where
desirable, new assignments and labelings are made
using both CD's and the BYTe line list in regions where
new Hamiltonian fits were either not feasible or not
worthwhile.

Results indicate a total of 360 new assignments as well
as a further 382 new upper labelings are obtained for the
problem HITRAN lines as tabulated in Table 4. In total, 229
assignments have been made for the unassigned lines in
HITRAN, and 446 new labelings found for unlabeled
HITRAN lines. The remainder of the assignments constitute
reassignments of HITRAN lines for which assignments
were brought into question by the initial analysis. In
addition to these assignments the 2r,—v, band has
updated positions and intensities (including 1416 new
lines), and 10264 lines belonging to the w5 + v4—vy,
va—va, va—v4 and 2v,—2v, hot bands are included for the
first time. Intensities are also updated for the v, band,
using 144 experimental values where available, and BYTe
values elsewhere. A summary of the updated line list is
given in Table 7, with tentative assignments to new
vibrational bands summarized in Table 5.

The results provided in the supplement, consist of a
line list of 40 227 transitions, with average upper level
deviations of 7.7 x 1074 cm™! and verified quantum labels
in the range 0-5300 cm™'. Lines for which assignments
were questioned for any of the aforementioned reasons
have been included with their previous HITRAN assign-
ments but are marked as unassigned.

In total 9979 of the HITRAN Einstein A coefficients have
been altered by more than 1% in this work, since new J, I
and lower energy values alter predictions of A values
derived from the experimental intensities. The new line
list includes these updated A values along with 2800
updated values for the statistical weights.

In terms of the HITRAN data we suggest the inclusion of
both vibrational and total symmetry species as well as the
addition of L3 and L, labels to future releases of HITRAN.
The new data format, XSAMS [61] and on-line services
being developed by the Virtual Atomic and Molecular
Data Center (VAMDC) [62] have the flexibility to describe
all the necessary quantum numbers. This new HITRAN
online service is now available as part of the 2012
release [63].

This analysis improves the reliability of the HITRAN
dataset as a tool for assignment and identification of
spectra; in particular the temperature dependence is
improved by correction of lower assignments. Recently
published analysis by Sung et al. [36] and Cacciani et al.
[58] provide a considerable number of assignments in the

6000-6300 cm™! region which should be used to further
extend the HITRAN dataset.

We supply an updated and improved NHj line list in
HITRAN format in the supplementary data with all assign-
ments converted to the recommended labels of Eq. (1).
A file containing our recommended experimental
energy levels is also supplied for use in any future analysis
of ammonia containing spectra. This work has been
submitted to HITRAN for inclusion in the 2012 revision
[59].
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