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a b s t r a c t 

A new ‘spectroscopic’ potential energy surface (PES) for 14 NH 3 has been generated by refinement of a 

high accuracy ab initio PES to experimental data. The quality of the PES is reflected in the excellent 

agreement between calculated rovibrational energy levels and the empirical values of MARVEL. The PES 

is used in conjunction with two different DMSs to generate room temperature line lists up to 12 0 0 0 and 

20 0 0 0 cm 

−1 , including all transitions from lower states up to 40 0 0 cm 

−1 , with total angular momentum 

up to J = 20 . Several strong bands are found to be missing from HITRAN 2016 in the 570 0–620 0 cm 

−1 

region. Using the line lists, 769 transitions in the 740 0–80 0 0 cm 

−1 are assigned by ground state combina- 

tion difference (GSCDs), along with empirical upper state energies and full quantum labels for 284 levels. 

53 of our assignments were found to disagree with those given in HITRAN 2016. 

© 2018 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 

1

 

p  

u  

[  

o  

m  

i  

e  

a  

t  

o

 

m  

e  

s  

t  

A  

t  

s  

t  

g  

t  

c

 

s  

w  

t  

i  

f  

t  

u  

a  

i  

u  

a  

a  

H  

m  

w  

s  

t  

t  

h

0

. Introduction 

Ammonia (NH 3 ) spectra are of both fundamental interest and of

ractical importance. Ammonia is the classic example of a system

ndergoing tunneling which remains a subject of ongoing studies

1] . Ammonia production has more than doubled during the period

f industrialisation [2] and is probably the most abundant man-

ade gas in the world. Ammonia is emitted from livestock, fertil-

zers and fuel burning, and contributes to acid decomposition and

utrophication which may harm natural ecosystems [3] . Addition-

lly there is mounting evidence indicating ammonia is critical in

he formation of secondary aerosols, which have a harmful impact

n human health [3] . 

For these reasons NH 3 atmospheric emissions must be closely

onitored by in situ detectors, which rely on accurate knowl-

dge of line positions, intensities, temperature dependence, pres-

ure broadening etc. Some of this information is provided by spec-

roscopic databases [4,5] , but there are large gaps in the coverage.

l Derzi et al. [6] give a comprehensive review of high resolu-

ion spectroscopic data recorded and analysed up to 2014. Spectro-

copic data is particularly missing in the near infrared, including

he so-called telecoms region at 1.3 and 1.5 μm, which provides a
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ood window for monitoring ammonia concentrations because of

he reduced interference from water vapour and the availability of

heap diodes in this region [7–9] . 

So far the main provider of information of the near infrared

pectrum of ammonia has been theoretical line lists computed

ith variational nuclear motion programs [10–13] . In this context

he important line lists are BYTe [11] and HSL-pre3 [14,15] . BYTe

s a variationally computed line list for 14 NH 3 covering transitions

rom 0 to 12 0 0 0 cm 

−1 and temperatures up to 1500 K. The ‘spec-

roscopic’ potential energy surface (PES), named NH3-Y2010 [16] ,

sed to construct BYTe was produced by empirical refinement of

 high quality ab initio surface to experimental data. The result-

ng accuracy varies, but is typically sub-wavenumber for energies

nder 60 0 0 cm 

−1 , and as much as several wavenumbers there-

fter. HSL-pre3 [14] , the successor to HSL-2 [12] , provides a more

ccurate list of rovibrational energies and transition frequencies.

owever, no intensities or complete vibrational labels are included,

aking it unsuitable for assignment in many cases. Finally, it is

orth mentioning the recent high accuracy ab initio PES of Polyan-

ky et al. [17] . The accuracy of their calculated band centres pushes

he boundaries of what is achievable purely ab initio . However,

heir reported accuracy for energies up to 18 0 0 0 cm 

−1 can be

eached only using a very large rotation-vibration basis set that be-

omes computationally unmanageable for J � 0 calculations. 
nder the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Alongside these advancements in theory over the past 10 years,

have come the first serious attempts at wide-scale characterisation

of NH 3 above 50 0 0 cm 

−1 . Several notable works in the 1.5 μm re-

gion being those of Xu, Lees and co-workers [18–20] , and Sung

et al. [14] . In just the past 3 years there has been considerable

progress above 70 0 0 cm 

−1 , largely due to the discovery, and sub-

sequent analysis of the 1980 high resolution Kitt Peak spectrum

by Barton et al. [21,22] and Zobov et al. [23] . In particular, Bar-

ton et al. assigned over 30 0 0 transitions spanning 27 vibrational

bands in the 740 0–990 0 cm 

−1 range employing a method using

BYTe, combination differences and the method of branches [24] .

Their line lists and quantum assignments were included in the

HITRAN 2016 database. Even so, many strong lines remain unas-

signed due to the inaccuracy of BYTe line positions, and so more

accurate variational calculations are highly desirable. Barton et al.

[22] also made partial assignments of the strong bands lying in the

90 0 0–940 0 and 990 0–10 30 0 cm 

−1 regions. More recently, Zobov

et al. [23] used the ab initio PES of Polyansky et al. in conjunc-

tion with the rovibrational calculations presented here to anal-

yse red and green visible spectra recorded at Kitt Peak in the

15 500 and 18 000 cm 

−1 regions. They assigned transitions within

the 5 and 6 quanta N-H stretching overtones in these spectra as

well as transitions observed in the 1980s by Coy and Lehmann

[25–27] . 

In this paper we present a new spectroscopic PES and room

temperature line list calculations to aid analysis of the rapidly

growing experimental dataset of ammonia; we use these results

to re-analyse some of the spectra of NH 3 available in the litera-

ture. Section 2 outlines our refinement procedure, including the

general methodology and computational details (2.1) , experimen-

tal data included in the refinement (2.2) and our final refined pa-

rameters (2.3) . Section 3 presents our results, including structural

constants of our PES (3.1) , a comparison of our calculated rovibra-

tional energies to high accuracy experimental values (3.2) , inten-

sity calculations (3.3) , and new assignments (3.4) . In Section 4 we

conclude. 

2. Potential energy surface refinement 

2.1. Computational details 

Our general strategy is based on the one used to construct the

NH3-Y2010 PES [16] ; in this work the refinement is represented

by a correction potential �V which is added to the starting PES.

Our starting point PES was the high accuracy ab initio surface of

Polyansky et al. [17] . In their nuclear motion calculations Polyan-

sky et al. employed a version of TROVE specifically adapted to use

curvilinear coordinates [28] in conjunction with a large basis set

constrained by a maximum polyad ( P max ) of 40. The polyad num-

ber in general represents our total vibrational quanta in terms of

the lowest energy harmonics, and in the case of NH 3 is defined

as 

P = 2(n 1 + n 2 + n 3 ) + n 4 + n 5 + 

n 6 

2 

, (1)

where n i are local mode quantum numbers representing the

stretch ( i = 1 , 2 , 3 ), degenerate bend ( i = 4 , 5 ) and inversion ( i = 6 )

of the primitive basis set functions as constructed and used by

TROVE. The stretching and inversion basis functions are generated

using the Numerov-Cooley approach [29–31] , while for the asym-

metric bending modes harmonic oscillators are used. This basis set

is processed through a two-step contraction-symmetrisation tech-

nique [32] . The final, contracted vibrational ( J = 0 ) basis set used in

the refinement comprised all eigenfunctions of the J = 0 Hamilto-

nian which correspond to the energies below hc · 20 0 0 0 cm 

−1 . The

rotational basis functions are symmetrized combinations of spher-

ical harmonics as described previously [33] . 
Owing to the computer resources available to us we were lim-

ted to using P max = 34 , therefore all rovibrational calculations

eported in this work were performed using a P max = 34 basis

et. The most computationally expensive step necessary for the

efinement procedure is the generation and symmetrisation of

he Hamiltonian matrix elements of each term in the correction

otential. This is required in order to calculate the Hellmann–

eynman derivatives that constitute the Jacobian matrix necessary

or the least-squares fitting, and is the primary factor that lim-

ts our basis set size. At P max = 34 this process requires 54 Gb

f RAM per correctional term. Ideally, we would pick a value of

 max such that our vibrational eigenfunctions are converged for

t least all energies up to the highest value included in the re-

nement. However, our convergence testing indicates a P max of 34

rovides eigenvalues converged to < 0.1 cm 

−1 only up to about

0 0 0 cm 

−1 , compared to the highest experimental energy included

n the refinement being ∼ 18 0 0 0 cm 

−1 . In this case the error

ue to using an incomplete basis set is absorbed into the refined

otential. 

TROVE employs a Taylor-type expansion of the kinetic energy

perator and a re-expansion of the potential function in terms of

inearized coordinates, which we take to 6th and 8th order respec-

ively. The effect of this has been documented in the past [17] ,

nd is typically less than 0.1 cm 

−1 for energies under 10 0 0 0 cm 

−1 .

ll of the aforementioned choices contribute somewhat to the re-

roducibility of our results using other nuclear motion programs,

eaning our results at higher energies are only reproducible using

ROVE with a specific set of model input parameters. Nevertheless,

ith a converged basis set we expect the only source of variation

etween programs to be our expansion of the Hamiltonian. 

At lower energies we tested the reproducibility of our results by

omparing TROVE calculations with ones performed using the nu-

lear motion program GENIUSH [34] , which uses an exact kinetic

nergy operator and a discrete variable representation (DVR). Com-

arisons of the 16 lowest lying vibrational term values calculated

sing TROVE and GENIUSH and our refined potential in absence

f the Born-Oppenheimer diagonal correction (BODC) show small

iscrepancies no greater than 0.281 cm 

−1 . We attribute this to ( i )

ur truncation of the kinetic energy operator expansion after 6th

rder; and ( ii ) our re-expansion of the potential in terms of lin-

arised coordinates. 

.2. Experimental data and weights included in the refinement 

The complete list of experimental energies used in the re-

nement is included in the supplementary material. Our primary

ource of experimental data was the MARVEL (measured active

otation-vibration energy levels) [35] study of ammonia by Al Derzi

t al. [6] , which contains the most accurate and most complete

ist of experimentally-derived energies available for NH 3 . From this

ource we initially included 543 carefully selected states rang-

ng from 0 – 7254 cm 

−1 with J ≤ 8. Because the quality of the

efinement depends crucially on the accuracy of the experimen-

al data, we assessed the reliability of each MARVEL state prior

o the refinement based on the number of transitions it was in-

olved in, and whether it followed the expected J − K dependence

ithin the vibrational band. During the refinement, any states that

id not behave similarly to the rest of the band were removed,

s they tended to degrade the quality of the refinement. In to-

al we identified 81 MARVEL states with J ≤ 15 for which no suit-

ble partner could be found in our calculated energies list, and

 further 80 that displayed uncomfortably large residuals of be-

ween 0.5 and 4.0 cm 

−1 . There has been a recent update of the
4 NH 3 MARVEL energy levels [36] which used energy levels com-

uted from intermediate version of our refined PES, in conjunc-

ion with the BYTe and HSL-pre3 energies lists to validate states
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elow 7555 cm 

−1 . As a result of this work, these discrepancies

ave been largely resolved and we were able to include an ad-

itional 94 energies from this updated MARVEL dataset in our

ts. 

Between 7555 cm 

−1 and 11 0 0 0 cm 

−1 the only existing experi-

ental assignments are those of Barton et al. [21,22] . Due to the

omplexity of spectra in this region only some of their assign-

ents could be confirmed by ground state combination differences

GSCDs), and in this case there is always the possibility of mis-

ssignment. Even if a GSCD partner is found, such dense spectra

ill contain false positives that fall within the tolerance ranges of

he assignment. This is especially true if the line positions and in-

ensities of the ab initio calculations are of dubious accuracy, and

he particular GSCD partner is a medium strength or weak line.

e therefore decided to take a cautious approach, preferring to

se only 34 energies from the ν2 + 2 ν3 band of Barton et al. [21] ,

hich we found to be reliable, and perform our own tentative as-

ignments using the ab initio PES of Polyansky et al. [17] and inter-

ediate versions of the refinement. This provided 105 additional

nergies ranging from 7584 to 10512 cm 

−1 , although most of these

evels were derived from only one experimental transition via a vi-

ual comparison between line lists. 

It is well known that the inclusion of J > 0 states in the re-

nement is necessary to optimise the equilibrium geometry [37] ,

nd it is preferable for each J to contain K sublevels ranging from

 − J to constrain both the B e and C e oblate top rotational con-

tants. We included states with J = 0 − 4 , 6 , 8 in the refinement,

owever, to save on computational costs only A 

′ 
2 and A 

′′ 
2 were used

or J > 3. Enough experimental data fell within these criteria to

rovide sampling of all important normal mode directions along

ur PES. Several high energy band centers at 12 0 0 0, 15 0 0 0 and

8 0 0 0 cm 

−1 were also included from the early work of Coy and

ehmann [27] which, at the time of performing our calculations,

ere the only assigned spectra above 12 0 0 0 cm 

−1 available in the

iterature. We also note the unassigned 5 ν1 absorption bands of

H 3 by Giver et al. [38] . 

As high energy data is scarce it is possible for the refined PES

o assume unphysical shapes far from equilibrium. We therefore

onstrained the refinement to the original, low-weighted ab ini-

io points following the simultaneous fit approach by Yurchenko

t al. [39] , with the motivation that our refined surface not devi-

te substantially from the ab initio surface. Initially these consisted

f the same 20 0 0 0 points between 0 and 20 0 0 0 cm 

−1 that were

sed to fit the ab initio PES [17] , but we had problems with holes

nd double minima appearing above 20 0 0 0 cm 

−1 but below dis-

ociation at 40 0 0 0 cm 

−1 . To prevent this, a further 13 0 0 0 points

ere generated between 20 0 0 0 and 50 0 0 0 cm 

−1 using the ab

nitio PES, and included in the refinement. The energy-dependent

cheme of Ref. [17] was used to allocate weights below dissocia-

ion, and a constant value of 0.0 0 065 was used above. All ab ini-

io point weights were then multiplied by a constant factor that

tarted at 1 × 10 −4 and was gradually decreased to 1 × 10 −7 as the

efinement progressed. 

We used the weighting scheme w i ∼ 1 /σ 2 
i 

for all MARVEL

tates, where σ i is the standard error of the i th energy level, as this

nformation is provided in the MARVEL database. This is known

o be the optimum weighting structure for a general least-squares

t. For states derived from the Kitt Peak spectrum, weights were

istributed uniformly, with a slight energy dependence to reduce

he importance of very high energy states. On the last five iter-

tions of the Newton-Gauss algorithm, once improvements with

ach iteration began to stagnate, the weights were changed so that

ach energy E J , � had a weight of J , and J = 0 had a weight of 1.

his served to improve the fit for those bands containing fewer, or

ess accurately known, experimental energies. The robust weight-
c  
ng method by Watson [40] was used to adjust the fitting weights

n-the-fly. 

.3. Refined parameters 

We call our refined potential NH3-C2018. Refined potential pa-

ameters are included as supplementary material in the form of a

ortran subroutine. The refined potential is represented as a sixth

rder polynomial as described by Polyansky et al. [17] , where the

efined parameters f (s ) 
i jk ... 

are the expansion coefficients of Morse-

ype stretching ( i = 1 , 2 , 3 ) and symmetrised bending ( i = 4 , 5 ) co-

rdinates. We could usefully vary 176 parameters up to fifth or-

er in the refinement, excluding the Born-Oppenheimer diagonal

orrection term due to Polyansky et al. [17] which we kept fixed.

ariation of linear terms allowed us to simulate the effects of op-

imising the equilibrium geometry without resorting to a separate

ewton-Gauss style procedure, which cannot be performed con-

urrently with the PES refinement, and severely changes the vibra-

ional structure. 

Refined parameters higher than second order generally differed

uite substantially from their starting value. However, the har-

onic terms remained consistent, with the zero-order-inversion

tretching and bending terms ( f (0) 
11 

and f (0) 
44 

) changing only by

.45% and 0.06% respectively. Coupling terms f (0) 
12 

and f (0) 
14 

showed

arger changes of 10.7% and 2.3%, and harmonic terms that were

rst order in the inversion coordinate f (1) 
11 

, f (1) 
44 

, f (1) 
12 

and f (1) 
14 

hanged by 17%, 21%, 11% and 2% respectively. This level of change

n the low-order parameters is acceptable, and the apparent in-

tability of higher-order parameters is not too worrying; in truth

here are a large number of possible combinations that can pro-

uce similarly shaped potentials. Most importantly, the energy dif-

erence between the refined and ab initio PESs is always less than

0% that of the ab initio PES above its zero-point energy (ZPE) for

rid points under 50 0 0 0 cm 

−1 . This was confirmed by evaluat-

ng both PESs on a random grid of 50 0 0 0 points with borders at

.6 ≤ r 1 ≤ r 2 ≤ r 3 ≤ 1.58 Å and 30 °≤α1 ≤α2 ≤α3 ≤ 140 °. Further re-

ssurance that our PES does not suffer from any unphysical de-

ormities is provided by the GENIUSH [34] calculations given in

ection 2.1 , for which a large grid of one million points was used.

y nature of the DVR approach, any deep holes that exist within

he grid borders are manifested in the zero point energy, which

as seen to take unreasonable values if holes were present. 

. Results and discussion 

.1. Equilibrium structure and rotational energies 

The various structural parameters of our PES NH3-C2018 are

iven in Table 1 , along with other theoretically predicted and ex-

erimentally derived values. Our equilibrium structure is very sim-

lar to that predicted by the NH3-Y2010 and HSL-2 PESs, with our

ond angle, αeq , slightly larger than both, and our bond length,

 eq , roughly half way between the two. Pure rotational energies

re highly sensitive to changes in equilibrium geometry, and so ac-

urate rotational energies are therefore indicative of an accurate

quilibrium geometry. 

Table 2 compares our rotational energies to those of MARVEL

or states up to J = 30 . For J = 0 − 10 our predictions show excel-

ent agreement with the empirical values. The small differences of

rder 0.001 cm 

−1 are likely to be inside the values which are de-

ermined due to beyond Born-Oppenheimer (BO) effects. As J in-

reases, the agreement deteriorates, and beyond J = 20 significant

iscrepancies appear. These are as much as several wavenumbers

or J = 30 states with large K values, and as K decreases the agree-

ent rapidly improves. Intuitively this can be explained by the

entrifugal force flattening and stretching the molecule, which will



202 P.A. Coles et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 219 (2018) 199–212 

Table 1 

Structural constants of our PES compared to previous theoretical calculations and experiment. 

NH3-C2018 NH3-Y2010 [16] HSL-2 [12] Exp [41] . Exp [42] . Exp [43] . 

r eq / ̊A 1.010794 1.0109285 1.010668 1.01101 1.01139 1.0116 

αeq / ° 106.7894 106.7468 106.7489 106.75 107.17 106.68 

r SP / ̊A 0.993882 0.9943827 0.9942537 0.99460 

�E (barrier) / cm 

−1 1775.17 1766.83 1784.66 1786.8 

Table 2 

Accuracy of calculated rotational energy 

levels up to J = 30 when compared to 

the empirical MARVEL energies [6] . σ rms 

refers to the root-mean-square deviation 

and � refers to the E MARV −E calc energy 

differences of K = J and K = 0 states. Units 

are cm 

−1 . 

J σ rms �(K = J) �(K = 0) 

0 0.001 

1 0.001 −0.001 0.0 0 0 

2 0.001 −0.002 0.0 0 0 

3 0.001 −0.002 0.001 

4 0.001 −0.002 0.001 

5 0.001 −0.002 0.002 

6 0.002 −0.002 0.003 

7 0.001 −0.001 0.003 

8 0.001 0.001 0.003 

9 0.002 0.002 0.003 

10 0.004 0.002 0.005 

11 0.006 0.002 0.009 

12 0.009 −0.001 0.015 

13 0.014 −0.004 0.020 

14 0.018 −0.011 0.029 

15 0.026 −0.024 0.038 

20 0.176 −0.576 0.130 

30 3.322 −11.353 0.546 
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be more distorting for rotation about the primary axis. Both the

inversion and stretching potentials therefore strongly couple to the

equilibrium geometry at high rotational excitation. 

Almost identical systematic deviations exist with the BYTe line

list, for which the J = 30 rotational energies differ from our cal-

culations by at most 0.1 cm 

−1 . This may suggest both PESs share a

similar systematic offset in the inversion potential at high energies.

One solution would be to include higher order ν2 overtones in the

refinement, however, in order to sample the same energetic region

as a (J, K) = (30 , 0) rotational state ( ∼ 8600 cm 

−1 ) we would re-

quire empirical energies from the 9 ν2 and 10 ν2 bands. Alterna-

tively we may include very high J states in the refinement, which

is extremely computationally demanding using the current proce-

dure. For example, simply saving the necessary Jacobian matrices

for a J = 30 , A 

′ 
2 block would require 10s of Tb of disk space, which

is far beyond our current computational resources. 

3.2. Rovibrational calculations 

Rovibrational energy level calculations were performed up to

J = 20 using the NH3-C2018 PES in conjunction with the varia-

tional nuclear motion program TROVE [29] , with its specific appli-

cation to XY 3 -type molecules given by Yurchenko et al. [33] . Ba-

sis set and Taylor series truncations were the same as discussed

in Section 2.1 although this time we removed the energy cut-off

in our vibrational basis set. The result is a huge increase in com-

putational demand, but we found it necessary in order to con-

verge all rotationally excited states belonging to the stretching

overtones at 18 0 0 0 cm 

−1 . Our complete list of energies extends to

23 0 0 0 cm 

−1 , and is included in the supplementary material along

with associated quantum labels ( ν1 , ν2 , ν3 , L 3 , ν4 , L 4 , �vib , J, K, i ,

�rot , �tot ) and partnered MARVEL levels where available. 
To assess the accuracy of our energies list we first compare with

ARVEL energies under 7555 cm 

−1 . Beyond this, MARVEL data is

olely derived from the works of Barton et al. [21] , which we will

iscuss separately in Section 3.4 . Fig. 1 displays E MARV −E calc en-

rgy residuals for J ≤ 10 states under 6300 cm 

−1 with BYTe residu-

ls (E MARV −E BYTe ) included for comparison. Table 3 provides the as-

ociated root-mean-square (rms) deviation statistics as a function

f J and MARVEL vibrational label. Overall agreement is excellent,

ith our rms values σ rms generally staying below 0.1 cm 

−1 except

n a few cases which will be discussed below. Unlike BYTe, we do

ot utilise the empirical basis set correction (EBSC) [10] , whereby

he calculated vibrational band centres are replaced by their ex-

erimental counterparts. Despite this, all our vibrational term val-

es below 6300 cm 

−1 fall within 0.01-0.04 cm 

−1 of the MARVEL

mpirical values. Similar accuracy is expected for the remaining

and origins for which only J > 0 MARVEL data exists, with the only

ikely exception being the (ν2 + 2 ν2 
4 
) s band for which data were

xtremely limited. Whilst no experimentally derived band center

ould be found in the literature, we judge from our J = 1 com-

arisons that our predicted band center is roughly 0.1 cm 

−1 larger

han the true value. 

A relatively smooth increase in energy residuals with J is ob-

erved for most vibrational bands, and despite excluding states

bove J = 8 from the refinement the J = 9 , 10 residuals behave in

he same systematic way as those for J = 0 − 8 . This speaks for the

redictive power of the refinement, and reassures us that our cal-

ulations can safely be extended to higher rotational excitations.

arger increases in residuals are observed for the 2 ν2 + ν3 band,

or which data only became available in the final stages of the re-

nement, and the ( ν1 ) 
s band, for which the J = 10 rms error of

.106 cm 

−1 (see Table 3 ) is still at least five times smaller than our

redecessor BYTe. Note that below 6300 cm 

−1 there is little differ-

nce in rms errors between MARVEL states derived from 1 or 2

ransitions and those derived from 3 or more. However, given the

ccuracy of our J = 0 − 10 calculations for the 2 ν0 
4 

and 2 ν2 
4 bands

t is possible that the MARVEL J = 12 energies, derived from only

ne transition, may not be correct. 

Further suspicious energies are those belonging to the 2 ν2 + ν4 ,

 ν2 + 2 ν4 and 2 ν2 + 3 ν4 bands. Inclusion of these bands in the re-

nement severely damaged the quality of surrounding energies,

nd so they were omitted. Comparing our predictions for the

 ν2 + ν4 with HSL-pre3 we find slightly better agreement, and for

he 14 J = 0 − 8 states present in MARVEL the rms deviation be-

ween NH3-C2018 and HSL-pre3 is only 0.272 cm 

−1 . Considering

he general lack of experimental data assigned to these bands, it

emains unclear whether this is a problem of theory or experi-

ent. 

Above 6300 cm 

−1 we noticed several labelling conflicts between

ur own calculations and those of HSL-pre3 and MARVEL (see

able 4 ) associated with the ν1 + ν3 , ν3 + 2 ν2 
4 

and ν3 + 2 ν0 
4 

bands.

or this reason we simply use the MARVEL labels for our compar-

sons in Fig. 2 and Table 3 , and provide our own vibrational la-

els and band origins separately in Table 4 . To avoid duplication of

he ν1 + ν3 band center in our energies list, we suggest using the

abels (ν3 + 2 ν0 
4 
) s/a for the 6608 and 6609 cm 

−1 vibrational term

alues so that our labelling scheme is identical to found in HSL-

re3. Sung et al. [44] also suggest a unique list of labels based
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Fig. 1. Energy difference between J = 0 − 10 MARVEL energy levels under 6300 cm 

−1 and those of NH3-C2018. 

Fig. 2. Energy difference between J = 0 − 10 MARVEL energy levels above 6300 cm 

−1 and those of NH3-C2018. Only MARVEL levels derived from 3 or more transitions are 

shown. 
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Table 3 

Root-mean-square deviations statistics for the complete list of paired MARVEL-NH3-C2018 energies under 7555 cm 

−1 . N states refers to the 

number of paired states included in the comparison. The value before the / refers to all MARVEL states, and the value after the / refers to 

those states derived from 3 or more transitions. Vibrational labels are taken from MARVEL. 

Band Band center J = 1 − 8 J = 10 J = 12 

This work MARVEL [6] N states σ rms N states σ rms N states σ rms 

( ν2 ) 
s 932.4170 40/40 0.021/0.021 10/10 0.030/0.030 12/12 0.039/0.039 

( ν2 ) 
a 968.1253 968.1266 40/40 0.010/0.010 11/11 0.027/0.027 13/13 0.041/0.041 

(2 ν2 ) 
s 1597.4674 40/40 0.0 08/0.0 08 10/10 0.014/0.014 11/11 0.017/0.017 

(2 ν2 ) 
a 1882.1847 1882.1774 40/40 0.012/0.012 11/11 0.034/0.034 13/13 0.050/0.050 

( ν4 ) 
s 1626.2803 1626.2744 80/80 0.0 06/0.0 06 21/21 0.0 04/0.0 04 24/24 0.0 06/0.0 06 

( ν4 ) 
a 1627.3867 1627.3724 80/80 0.011/0.011 21/21 0.012/0.012 25/25 0.017/0.017 

(3 ν2 ) 
s 2384.1711 40/40 0.0 09/0.0 09 10/10 0.017/0.017 12/12 0.023/0.023 

(3 ν2 ) 
a 2895.5336 2895.5218 40/40 0.015/0.015 11/11 0.040/0.040 13/13 0.054/0.054 

(ν2 + ν4 ) 
s 2540.4980 2540.5230 80/80 0.019/0.019 21/21 0.014/0.014 

(ν2 + ν4 ) 
a 2586.1435 2586.1272 80/80 0.018/0.018 20/19 0.041/0.015 

(2 ν2 + ν4 ) 
s 3189.3784 9/0 0.659/ 3/0 0.464/ 1/0 1.170/ 

(2 ν2 + ν4 ) 
a 3502.5812 5/0 0.405/ 2/0 0.347/ 1/0 0.111/ 

(2 ν0 
4 ) 

s 3215.9471 36/36 0.026/0.026 4/4 0.035/0.035 4/0 0.701/ 

(2 ν0 
4 ) 

a 3217.5812 3217.5823 27/27 0.032/0.032 1/0 0.015/ 2/0 0.770/ 

(2 ν2 
4 ) 

s 3240.1535 3240.1623 74/72 0.044/0.039 14/11 0.086/0.062 1/0 0.534/ 

(2 ν2 
4 ) 

a 3241.5812 3241.5965 71/69 0.031/0.031 8/7 0.079/0.073 2/0 0.207/ 

( ν1 ) 
s 3336.1098 40/40 0.017/0.017 6/6 0.108/0.108 

( ν1 ) 
a 3337.0801 3337.0971 40/40 0.0 08/0.0 08 6/5 0.039/0.031 

( ν3 ) 
s 3443.6359 3443.6294 80/80 0.013/0.013 19/17 0.037/0.035 

( ν3 ) 
a 3443.9984 3443.9878 80/80 0.014/0.014 18/16 0.032/0.032 

(4 ν2 ) 
s 3462.4101 12/0 0.099/ 4/0 0.137/ 

(ν2 + 2 ν0 
4 ) 

s 4115.8584 3/0 0.062/ 

(ν2 + 2 ν0 
4 ) 

a 4173.0903 11/3 0.036/0.022 1/0 0.118/ 

(ν2 + 2 ν2 
4 ) 

s 4135.8304 24/18 0.094/0.095 

(ν2 + 2 ν2 
4 ) 

a 4192.9435 20/11 0.049/0.035 

(ν1 + ν2 ) 
s 4294.5397 40/40 0.035/0.035 6/1 0.101/0.043 

(ν1 + ν2 ) 
a 4320.0052 4320.0306 40/40 0.047/0.047 10/8 0.114/0.113 

(ν3 + ν2 ) 
s 4416.9586 4416.9151 76/64 0.028/0.027 1/0 0.029/ 1/0 0.140/ 

(ν3 + ν2 ) 
a 4435.4577 4 435.4 465 70/56 0.028/0.027 2/0 0.012/ 

(2 ν2 + 2 ν0 
4 ) 

a 5093.5549 4/2 0.305/0.304 

(2 ν2 + 2 ν2 
4 ) 

s 4773.8184 1/0 0.022/ 

(2 ν2 + 2 ν2 
4 ) 

a 5113.2536 1/1 1.585/1.585 

(3 ν1 
4 ) 

s (E) 4799.2215 1/0 0.015/ 1/0 0.213/ 

(3 ν1 
4 ) 

a (E) 4801.4128 1/0 0.038/ 

(3 ν3 
4 ) 

s (A 2 ) 4840.8899 1/0 0.087/ 

(ν1 + ν4 ) 
s 4955.7216 4955.7561 65/24 0.032/0.031 11/2 0.026/0.053 1/0 0.010/ 

(ν1 + ν4 ) 
a 4956.8717 39/15 0.038/0.030 5/1 0.049/0.052 2/0 0.248/ 

(ν1 + 2 ν2 ) 
s 50 0 0.2486 2/2 0.124/0.124 

(ν3 + ν4 ) 
s (A 2 ) 5052.0195 5/3 0.032/0.017 

(ν3 + ν4 ) 
s (E) 5052.6032 58/45 0.043/0.044 2/0 0.079/ 

(ν3 + ν4 ) 
a (A 1 ) 5052.6641 3/2 0.029/0.005 

(ν3 + ν4 ) 
a (E) 5053.2343 26/16 0.063/0.048 

(ν3 + ν4 ) 
a (A 2 ) 5067.7243 7/3 0.106/0.069 

(ν3 + ν4 ) 
s (A 1 ) 5067.7812 12/8 0.057/0.061 

(4 ν2 + ν4 ) 
s 4530.6138 2/1 0.261/0.288 

(4 ν2 + ν4 ) 
a 5104.9370 1/1 0.017/0.017 

(2 ν2 + ν3 ) 
s 5144.9353 8/0 0.205/ 2/0 0.462/ 

(2 ν2 + ν3 ) 
a 5352.9840 12/0 0.117/ 

(ν1 + ν2 + ν4 ) 
s 5897.8022 1/0 0.004/ 

(ν1 + 2 ν2 
4 ) 

s 39/34 0.127/0.083 

(ν1 + 2 ν2 
4 ) 

a 37/31 0.263/0.205 

(ν1 + ν3 ) 
s 72/56 0.271/0.271 

(ν1 + ν3 ) 
a 70/60 0.155/0.138 

(2 ν2 + 3 ν1 
4 ) 

a 2/2 1.820/1.820 

(ν3 + 2 ν2 
4 ) 

s 64/46 0.144/0.095 1/0 0.190/ 

(ν3 + 2 ν2 
4 ) 

a 65/51 0.138/0.132 1/0 0.046/ 

(ν3 + 2 ν0 
4 ) 

s 5/4 0.072/0.065 

(ν3 + 2 ν0 
4 ) 

a 5/3 0.259/0.184 

(2 ν0 
3 ) 

s 26/19 0.152/0.097 

(2 ν0 
3 ) 

a 28/23 0.257/0.174 

(2 ν2 
3 ) 

s 16/13 0.047/0.052 

(2 ν2 
3 ) 

a 16/11 0.084/0.096 

 

 

 

 

 

C  

c  

i  

p  
on BYTe and HSL-2, along with estimated band centers. Experi-

mentally derived vibrational term values are provided for 9 out of

the 14 symmetric and asymmetric bands present in MARVEL above

6300 cm 

−1 , with which our calculations typically agree to within

0.01-0.07 cm 

−1 . 
o  
Fig. 2 shows energy differences between MARVEL and NH3-

2018 above 6300 cm 

−1 . These show a slight deterioration in ac-

uracy compared to our lower energy predictions, resulting in an

ncreased σ rms of roughly 0.1-0.2 cm 

−1 for states with J = 0 − 8 . To

rovide a more reliable comparison, energies derived from only 1

r 2 transitions are not shown. Their associated rms deviations
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Table 4 

Vibrational band center labelling conflicts between different data sources for 630 0–70 0 0 cm 

−1 region. 

Band # �tot s/a This work HSL-pre3 [14,15] MARVEL [6] 

1 E 
′ 

s 6556.3877 ν1 + 2 ν2 
4 6556.3990 ν1 + 2 ν2 

4 6556.4218 ν1 + 2 ν2 
4 

E 
′′ 

a 6557.9091 6557.9065 6557.9306 

2 E 
′ 

s 6666.0662 ν3 + 2 ν2 
4 6666.1946 ν3 + 2 ν2 

4 –

E 
′′ 

a 6665.7778 6665.7915 –

3 E 
′ 

s 6608.7819 ν1 + ν3 6608.7773 ν3 + 2 ν0 
4 6608.8218 ν1 + ν3 

E 
′′ 

a 6609.6907 6609.7031 6609.7532 

4 E 
′ 

s 6677.4899 ν1 + ν3 6677.4125 ν1 + ν3 6677.4317 ν3 + 2 ν2 
4 

E 
′′ 

a 6678.1829 6678.1141 6678.3103 

5 A 
′′ 
2 a 6795.2933 2 ν0 

3 6795.2529 2 ν0 
3 6795.3382 2 ν0 

3 

A 
′ 
1 s 6796.7741 6796.9054 –

6 E 
′ 

s 6850.2303 2 ν2 
3 6850.1524 2 ν2 

3 6 850.244 9 2 ν2 
3 

E 
′′ 

a 6 850.6 830 6 850.56 80 6850.6550 

7 E 
′ 

s 6314.0913 2 ν2 + 3 ν1 
4 6313.1898 2 ν2 + 3 ν1 

4 –

E 
′′ 

a 6680.4035 6680.3736 –

a  
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re, however, still included in Table 3 , and show slightly worse

greement than those derived by 3 or more transitions, indicat-

ng that the experimental values may not all be correct. Several

utliers that do not appear to conform to the general behaviour

ithin their vibrational band are also noted, the most conspic-

ous of these MARVEL energies being 7355.7984, 7163.1765 and

356.3801 cm 

−1 , with deviations of 1.959,-1.688 and 1.604 cm 

−1 

espectively. Some may be explained by a difference in vibrational

abelling, for example, the MARVEL state at 7355.7984 cm 

−1 is as-

igned to the 4 ν2 + 2 ν2 
4 band according to our labelling. So, too, are

he MARVEL states at 6788.1366 and 6997.0047 cm 

−1 with residu-

ls 1.215 and 0.777 cm 

−1 . Such large deviations would not be sur-

rising considering no data from this band was sampled in the re-

nement. There are likely also to be issues with perturbations due

o resonance interactions between vibrational states which have

ot been correctly represented in our PES; see the recent work on

his by Mizus et al. [45] . 

Finally, we should mention that four MARVEL energies were not

ncluded in the above comparisons due to suspiciously large devia-

ions from our calculations. The MARVEL state at 6788.1366 cm 

−1 ,

ssigned to the (ν3 + 2 ν0 
4 
) a band, was removed from the rms

tatistics in Table 3 for reasons discussed above, but included in

ig. 2 . States at 4 4 46.5460, 5162.4116 and 5172.9416 cm 

−1 , derived

rom 3, 6 and 8 transitions respectively, were also removed from

ll comparisons due to large residuals which we cannot explain. 

.3. Intensity simulations 

To simulate absolute absorption intensities we use the expres-

ion [46] as implemented in the ExoCross program [47] 

( f ← i ) = 

8 π3 N A νi f exp (−E ′′ /kT )[1 − exp (−hcνi f /kT )] 

(4 πε0 )3 hcQ 

×
∑ 

	′ 
int 

	′′ 
int 

∑ 

A = X,Y,Z 

|〈 	′ 
int | μA | 	′′ 

int 〉| 2 , 

here 	′ 
int 

and 	′′ 
int 

are the upper and lower state wavefunctions

espectively, that correspond to energies E ′ and E ′ ′ . ν if is the tran-

ition wavenumber, T is the temperature, Q ( T ) is the total internal

artition function and μA is the electronically averaged component

f the molecular dipole moment along the A = X, Y, Z axis. The two

equirements, therefore, for accurate line intensities are high qual-

ty wavefunctions and a high quality DMS. 

Our intensity calculations employ the well-established dipole

oment surface (DMS) of Yurchenko et al. [48] (denoted DMS-B),

hich was used in the construction of the BYTe line list. We also

se this opportunity to report preliminary results for a new sur-

ace currently under construction (denoted DMS-1). For this DMS,

ipole moment components μ were calculated using the finite
A 
eld procedure with an external field value of ±5 × 10 −5 a.u. For

oth water [49] and carbon dioxide [50] we have demonstrated

hat even though the finite field method requires seven times more

omputations than using expectation values, the resulting DMS is

ore accurate. Calculations were performed using internally con-

racted MRCI in the full valence reference space comprising 8 elec-

rons in 7 orbitals, with the aug-cc-pwCVQZ basis set. The same

rid of 50 0 0 0 nuclear geometries used by Polyansky et al. [17] was

mployed, although only 10 782 points were computed success-

ully. The final fit included 9498 points that were reproduced with

n unweighted rms error of 0.0 0 09 D. The Molpro 2012 package

51] was used for all calculations. 

Line list calculations were performed at room temperature

296 K) using a partition function value of Q(T ) = 1725 . 224746

52] . Transitions cover states with J = 0 − 20 within the frequency

ange 0 − 20 0 0 0 using DMS-B or 0 − 12 0 0 0 cm 

−1 using DMS-1.

o intensity cut-off was used for either line list. Einstein-A coef-

cients were calculated using the program GAIN [53] which was

eveloped as part of TROVE [29] . Our two line lists are provided

n the ExoMol [54] format are available from the ExoMol web-

ite ( www.exomol.com ); details of NH 3 specific formatting are the

ame as for BYTe [11] . 

Fig. 3 displays the ratio of our predicted line intensities (DMS-

) to the experimental values ( I obs > 1 × 10 −24 cm 

−1 /(molecule

m 

−2 )) taken from HITRAN2016 for the 0–70 0 0 cm 

−1 region. Only

esults for DMS-B are shown, however, DMS-1 performed simi-

arly. The majority of lines fall within ± 20% of experiment. The

xperimental uncertainty [4] varies substantially between differ-

nt sources and we do not consider it here. Coloured in Fig. 3 are

trong bands in the 630 0–70 0 0 cm 

−1 region, for which over 40 0 0

ines in HITRAN are unassigned. Corresponding I calc / I obs numerical

alues for the strongest lines assigned to each band are given in

able 5 . 

We note that the 5700 − 6200 cm 

−1 region is completely

issing from HITRAN. In this region we predict strong ab-

orption by the ν2 + ν3 + ν4 band (calculated band center

/a = 6012 . 8563 / 6036 . 5254 cm 

−1 , calculated DMS-B band in-

ensity s/a = 4 . 841 / 4 . 840 × 10 −20 cm/molecule), the ν1 + ν2 +
4 band ( s/a = 5897 . 8022 / 5930 . 8407 cm 

−1 , 1 . 929 / 3 . 362 × 10 −21 

m/molecule) and the (3 ν2 + ν3 ) 
s band (5856.0580 cm 

−1 , 5 . 752 ×
0 −21 cm/molecule). These intensity values are in good agreement

etween both DMSs, and those given in BYTe [11] . 

Recently Vander Auwera and Vanfleteren [55] measured line in-

ensities of the 740 0–860 0 cm 

−1 region with an estimated accuracy

f 10% for most strong lines. Their measurements validated Barton

t al.’s [21,22] estimated uncertainty of 15% for lines weaker than

 × 10 −22 cm 

−1 /(molecule cm 

−2 ), but suggested that their uncer-

ainty is significantly more for stronger lines. Our synthetic spectra,

http://www.exomol.com
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Fig. 3. Ratio of calculated to observed line intensities for lines taken from 0– to 70 0 0 cm 

−1 region of HITRAN2016. Coloured are transitions assigned to strong bands in the 

630 0–70 0 0 cm 

−1 region. Vibrational labels are taken from HITRAN2016. 
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Fig. 4. Comparison of the simulated (TROVE) and observed [55] spectra of NH 3 at T = 293 K for 740 0–860 0 cm 

−1 region, with expansions of the 7660–7750 cm 

−1 region 

(bottom left) and 8160–8240 cm 

−1 region (bottom right). 

 

 

 

 

 

a  

c  

a  

w  
calculated using DMS-1 and DMS-B, is temperature adjusted and

compared with their works in Figs. 4 and 5 . Numerical compar-

isons between our calculated intensities and those of Vander Auw-

era and Vanfleteren [55] , for the strongest lines included in our

assignments (detailed in Section 3.4 ), are also provided in Table 5 . 
b  
From Figs. 4 and 5 we see that qualitative agreement is good

nd the dominant spectral features are reproduced well by our

alculations, although there is a notable reduction in line position

ccuracy beyond 80 0 0 cm 

−1 that could undoubtedly be improved

ith the availability of additional high energy assignments. Of the

ands covered by our assignments, DMS-1 reproduces intensities
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Table 5 

Comparison of calculated intensities to the experimentally derived values taken from HITRAN2016 [4] below 

70 0 0 cm 

−1 and Vander Auwera and Vanfleteren [55] above 70 0 0 cm 

−1 . Line positions are given in cm 

−1 , energies 

in cm 

−1 and intensities in cm 

−1 /(molecule cm 

−2 ). Quantum labels below 70 0 0 cm 

−1 are taken from HITRAN2016; 

assignments above 70 0 0 cm 

−1 are those of this work, detailed in Section 3.4 . 

νobs obs-calc ( J ′ K ′ L 3 L 4 i ′ ) ( J ′ ′ K ′ ′ i ′ ′ ) Band Intensity I DMS-1 /I obs I DMS-B /I obs 

6678.5355 0.0173 (5,4,1,0,s) (4,3,s) ν1 + ν3 2.94 ×10 −21 0.918 0.924 

6678.3094 0.0715 (5,4,1,0,a) (4,3,a) ν1 + ν3 2.95 ×10 −21 0.914 0.921 

6605.1042 0.0733 (2,1,1,0,a) (2,0,a) ν1 + ν3 3.31 ×10 −21 0.923 0.935 

6605.6088 0.0485 (3,1,1,0,s) (3,0,s) ν1 + ν3 3.61 ×10 −21 0.916 0.924 

6658.9067 0.0237 (4,4,1,0,s) (3,3,s) ν1 + ν3 4.15 ×10 −21 0.913 0.924 

6658.9585 0.0543 (4,4,1,0,a) (3,3,a) ν1 + ν3 4.15 ×10 −21 0.907 0.921 

6594.6488 −0.1022 (6,2,0,2,a) (6,3,a) ν1 + 2 ν4 3.03 ×10 −22 0.866 0.850 

6516.9777 0.0625 (3,3,0,2,a) (4,4,a) ν1 + 2 ν4 3.15 ×10 −22 1.193 1.176 

6588.6147 −0.0082 (4,2,0,2,a) (4,3,a) ν1 + 2 ν4 3.22 ×10 −22 0.918 0.903 

6593.1306 0.0462 (5,2,0,2,s) (5,3,s) ν1 + 2 ν4 3.25 ×10 −22 0.950 0.936 

6516.5066 0.0470 (3,3,0,2,s) (4,4,s) ν1 + 2 ν4 3.28 ×10 −22 0.983 0.975 

6588.8617 −0.0346 (4,4,0,2,a) (3,3,a) ν1 + 2 ν4 3.28 ×10 −22 0.805 0.815 

6660.1180 0.0605 (2,2,1,2,s) (2,1,s) ν3 + 2 ν4 2.50 ×10 −22 0.914 0.755 

6608.7807 0.0557 (2,1,1,2,s) (3,0,s) ν3 + 2 ν4 2.90 ×10 −22 0.892 0.716 

6660.6045 0.0392 (3,2,1,2,s) (3,1,s) ν3 + 2 ν4 3.24 ×10 −22 0.911 0.747 

6720.2025 0.0391 (3,2,1,2,s) (2,1,s) ν3 + 2 ν4 4.24 ×10 −22 0.872 0.727 

6625.5751 0.1011 (3,3,1,2,s) (4,4,s) ν3 + 2 ν4 4.88 ×10 −22 0.860 0.755 

6708.1286 0.0552 (2,1,1,2,s) (1,0,s) ν3 + 2 ν4 6.17 ×10 −22 0.897 0.713 

6806.1019 −0.0125 (2,2,2,0,a) (3,3,a) 2 ν3 2.33 ×10 −22 0.644 0.896 

6 806.4 960 0.0088 (2,2,2,0,s) (3,3,s) 2 ν3 2.40 ×10 −22 0.619 0.881 

6919.3989 0.0625 (5,5,2,0,a) (4,4,a) 2 ν3 3.04 ×10 −22 0.725 0.901 

6919.8462 0.0533 (5,5,2,0,s) (4,4,s) 2 ν3 3.15 ×10 −22 0.691 0.901 

6906.1648 0.0594 (4,4,2,0,a) (3,3,a) 2 ν3 5.53 ×10 −22 0.720 0.902 

6906.6178 0.0434 (4,4,2,0,s) (3,3,s) 2 ν3 5.81 ×10 −22 0.688 0.906 

6733.7655 0.0344 (2,0,0,0,a) (3,0,s) 2 ν3 2.25 ×10 −22 0.961 0.998 

6794.3775 0.0373 (4,4,0,0,a) (4,4,s) 2 ν3 2.78 ×10 −22 0.702 0.728 

6794.3252 0.0938 (6,6,0,0,s) (6,6,a) 2 ν3 2.82 ×10 −22 0.919 0.977 

6794.1728 0.0501 (6,6,0,0,a) (6,6,s) 2 ν3 3.12 ×10 −22 0.897 0.932 

6794.9559 0.1193 (3,3,0,0,s) (3,3,a) 2 ν3 3.30 ×10 −22 0.958 1.023 

6794.5460 0.0398 (3,3,0,0,a) (3,3,s) 2 ν3 4.15 ×10 −22 0.898 0.932 

6670.3905 0.0230 (1,0,1,0,s) (1,1,s) ν3 + 2 ν4 3.00 ×10 −23 0.633 0.370 

6733.5643 0.1246 (6,1,1,0,s) (5,2,s) ν3 + 2 ν4 3.34 ×10 −23 1.188 1.180 

6610.1639 −0.1529 (2,0,1,0,a) (3,1,a) ν3 + 2 ν4 4.11 ×10 −23 0.877 0.645 

6476.6566 0.1243 (6,1,1,0,s) (7,2,s) ν3 + 2 ν4 5.49 ×10 −23 1.197 1.174 

6709.4788 −0.1533 (2,0,1,0,a) (1,1,a) ν3 + 2 ν4 9.76 ×10 −23 0.950 0.802 

6614.8541 0.1251 (6,1,1,0,s) (6,2,s) ν3 + 2 ν4 1.78 ×10 −23 0.920 0.908 

7614.6136 0.0202 (2,2,1,0,s) (3,3,s) ν1 + ν2 + ν3 1.99 ×10 −22 1.172 0.803 

7631.1622 0.0443 (2,2,1,0,a) (3,3,a) ν1 + ν2 + ν3 2.77 ×10 −22 0.998 0.653 

7726.9126 0.0999 (4,1,1,0,s) (3,0,s) ν1 + ν2 + ν3 2.11 ×10 −22 1.119 0.743 

7725.1459 0.1097 (5,4,1,0,s) (4,3,s) ν1 + ν2 + ν3 2.51 ×10 −22 1.003 0.683 

7746.8743 0.1148 (7,7,1,0,a) (6,6,a) ν1 + ν2 + ν3 2.20 ×10 −22 1.103 0.669 

7650.9806 0.0972 (3,1,1,0,s) (3,0,s) ν1 + ν2 + ν3 3.21 ×10 −22 1.096 0.743 

7616.1245 0.0087 (2,1,1,2,a) (3,3,s) ν2 + ν3 + 2 ν4 9.37 ×10 −23 0.912 0.611 

7640.9146 0.1433 (5,4,1,0,s) (4,3,s) ν2 + ν3 + 2 ν4 8.62 ×10 −23 0.891 0.853 

7651.8952 0.0597 (3,1,1,0,a) (2,0,a) ν2 + ν3 + 2 ν4 8.49 ×10 −23 0.912 0.757 

7618.7724 0.0758 (4,4,1,0,s) (3,3,s) ν2 + ν3 + 2 ν4 1.16 ×10 −22 0.861 0.835 

7678.6769 0.1163 (7,7,1,0,a) (6,6,a) ν2 + ν3 + 2 ν4 1.10 ×10 −22 0.935 0.879 

7724.4123 0.1198 (5,5,1,2,a) (4,4,a) ν2 + ν3 + 2 ν4 1.11 ×10 −22 1.009 0.568 

7924.2364 0.1965 (5,4,2,0,s) (4,3,s) ν2 + 2 ν3 8.65 ×10 −23 0.541 0.875 

7943.7660 0.0986 (7,7,2,0,s) (6,6,s) ν2 + 2 ν3 9.77 ×10 −23 0.573 0.922 

7953.4006 0.0143 (7,7,2,0,a) (6,6,a) ν2 + 2 ν3 1.10 ×10 −22 0.519 0.830 

7917.1851 0.0816 (4,4,2,0,a) (3,3,a) ν2 + 2 ν3 1.19 ×10 −22 0.551 0.886 

7908.1402 0.6560 (4,4,2,0,s) (3,3,s) ν2 + 2 ν3 1.25 ×10 −22 0.390 0.615 

7846.8068 0.0816 (3,1,2,0,s) (3,0,s) ν2 + 2 ν3 1.22 ×10 −22 0.397 0.665 
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t  
f the ν1 + ν2 + ν3 and ν2 + ν3 + 2 ν4 bands excellently, often to

ithin 10% of the experimental value, but severely underestimates

he ν2 + 2 ν2 
3 

band (see Table 5 ). In contrast, DMS-B reproduces the

2 + 2 ν2 
3 

band somewhat better, but consistently underestimates 

he ν1 + ν2 + ν3 and ν2 + ν3 + 2 ν4 bands. For this reason we chose

o use DMS-1 for our assignments in Section 3.4 . We suspect that

y employing a denser, more extensive grid of geometries in our

t, the underestimated intensities of DMS-1 will be resolved. This

ork is currently in progress, and we expect a refitted dipole mo-

ent surface to become available in the near future. However, in

rder to extend a similarly high level of accuracy above 80 0 0 cm 

−1 ,

igher quality wavefunctions will also be required. 

Beyond 10 400 cm 

−1 estimating the reliability of our line lists

s difficult owing to the lack of data between the regions studied

s  
y Barton et al. [22] and Zobov et al. [23] . Errors on line positions

ay be tens of wavenumbers for bending and combination bands

ue to basis set convergence errors and lack of constraint during

he refinement. For these reasons we do not advocate relying on

ur line list to guide high resolution spectroscopic studies above

2 0 0 0 cm 

−1 except for the 5 νNH and 6 νNH bands with low bend-

ng excitation. Our final recommendation for general use is DMS-B,

r DMS-1 below 7800 cm 

−1 . 

.4. Assignment of the 740 0–80 0 0 cm 

−1 region 

Our fits raised a number of issues with the assignments of Bar-

on et al. [21] and our improved potential should facilitate line as-

ignments in the near-infrared region. We therefore undertook a
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Fig. 5. Comparison of the simulated (TROVE) and observed [5] spectra of NH 3 at T = 296 K for 90 0 0–1040 0 cm 

−1 region, with expansions of the 9680–9750 cm 

−1 region 

(bottom left) and 10060–10140 cm 

−1 region (bottom right). 
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re-analysis of the observed spectrum in the 740 0–80 0 0 cm 

−1 re-

gion. 769 lines from the 740 0–80 0 0 cm 

−1 region of the Barton

et al. line list [21] were assigned using ground state combination

differences (GSCDs). The method involves first performing tentative

assignments based on a visual comparison between experimental

and theoretical line lists. Theoretical upper state energies of each

assignment are then replaced with empirical values calculated by

adding the MARVEL lower state energies to the observed line po-

sitions. A tentative assignment is then considered validated if one

or more additional unblended transitions sharing the same upper

state (as the tentative assignment) can then be identified in both

theoretical and experimental line lists to within the measurement

uncertainty. 

Our tolerance for accepting GSCD partners was ± 0.003 cm 

−1 ,

which was the same as used by Barton et al. [21] for their un-

blended assignments in this region. For line intensities, the ratio

I obs / I calc for the GSCD partners were required to fall within 2/3 and

3/2 times the ratio of I obs / I calc for the manual assignment. This ac-

counted for the variation in accuracy between different vibrational

bands, in particular the underestimated ν2 + 2 ν2 
3 band discussed in

Section 3.3 . Tentative assignments were performed using the on-

line assignment tool Spectropedia [56] . As a measure of confidence,

each tentative assignment was placed into one of three categories

based on its judged reliability. For the least reliable assignments

(Flag C in Table 7 ), three additional GSCD partners were required

for it to be considered validated. More reliable tentative assign-

ments required either one or two additional GSCD partners (Flags

A and B in Table 7 ), one being reserved only for strong, isolated

lines. After applying these validation criteria only 284 of our 827

initial hand assignments were accepted into the final list. GSCD

partners could be found for more transitions but these did not ful-

fil our minimum requirements to be retained. 
Even despite stringent measures, the possibility of false part-

ers must be considered. For weak lines with intensity I <

.0 × 10 −24 cm 

−1 /(molecule cm 

−2 ), there is an average of 0.022

ines per 0.006 cm 

−1 interval. Assuming a Poisson distribution,

his translates to roughly a 1 in 47 chance of such a match be-

ng false. This probability reduces significantly for medium and

trong lines ( I > 5.0 × 10 −24 cm 

−1 /(molecule cm 

−2 )) that con-

ribute ∼ 2/3 of our overall GSCD partners. For our assignments

he overall standard deviation of our derived upper state energies

s 0.0 0 09 cm 

−1 , and only in a few cases does the range of de-

ived upper state energies within a GSCD set exceed 0.003 cm 

−1 .

his, combined with the additional assurances provided by inten-

ity comparisons, practically eliminates the possibility of fortuitous

atches. 

A summary of our final list of assignments is presented in

able 6 . The empirical upper state energy of each GSCD set was

alculated by averaging the observed line positions plus the MAR-

EL lower state energies. In total we assigned rovibrational quanta

or 769 transitions and upper state energies for 284 levels, span-

ing an estimated 11 vibrational bands. Vibrational labels are taken

rom the leading coefficient basis set contributor in our variational

alculation, which were as low as 0.22 for some bands listed in

able 6 , and indeed (0.08) lower for the 2 ν1 + ν2 band which was

ighly mixed. Rotationally excited states may also possess signif-

cantly smaller leading coefficients. Thus, all vibrational labelling

hould be viewed as tentative. Fig. 7 compares the energies cal-

ulated using our new PES to those empirically derived from our

ssignments. Residuals are seen to have a systematic dependence

n rotational quanta, although this is partly obscured by mixing

etween states in the ν1 + ν2 + ν1 
3 and ν1 + ν2 + 2 ν0 

4 
bands, pos-

ibly due to our heavy reliance on these bands during the refine-

ent. This systematic behaviour, apart from highlighting deficien-
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Fig. 6. Sample combination difference pair that were reassigned during our analysis. Lines convoluted with a gaussian profile HWHM = 0.06. 

Table 6 

An overview of the assignments from this work. Only the E - 

symmetry band origin for the ν2 + ν3 + 2 ν2 
4 band is shown, al- 

though our assignments include A 1 and A 2 -symmetry vibrational 

states as well. 

Band s/a Center (cm 

−1 ) N lines N eners 

(This work) 

ν1 + ν2 + ν1 
3 s 7656.6402 160 56 

a 7673.4138 137 50 

ν2 + ν3 + 2 ν0 
4 s 7567.80 0 0 90 31 

a 7597.5458 98 36 

ν2 + ν3 + 2 ν2 
4 s 7605.9881 ( E ) 35 11 

a 7640.2230 ( E ) 28 11 

ν1 + ν2 + 2 ν2 
4 s 7484.6131 9 4 

a 7525.9480 12 6 

ν2 + 2 ν2 
3 s 7854.3016 99 39 

a 7864.1066 98 40 

2 ν1 + ν2 s 7575.3439 3 1 

c  
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here. 
ies in the NH3-C2018 PES, further reassures us of the reliability of

ur assignments. 

There is significant overlap between our work and that of Bar-

on et al. [21] who previously assigned 230 of the lines in our

urrent analysis. 177 of these, all assigned by combination differ-

nce (CD) bar one, agree with our assignments in at least J and

otal symmetry, and so we consider these assignments validated.

he 53 that disagree consist of 9 unblended CD lines, 17 blended
Table 7 

Examples of the GSCD process for 6 different derived upper states. Units of 

cm 

−2 ). 〈 E ′ 
obs 

〉 is the averaged experimental energy. 

Flag ( J ′ K ′ i ′ ) ( J ′ ′ K ′ ′ i ′ ′ ) Band νobs νo-c 

A (2, 1, a ) (3, 2, a ) ν1 + ν2 + ν3 7622.9614 0.0503 

A (2, 1, a ) (2, 2, a ) ν1 + ν2 + ν3 7682.5580 0.0505 

B (3, 2, a ) (4, 1, a ) ν1 + 2 ν2 + 2 ν0 
4 7506.2948 0.0673 

B (3, 2, a ) (3, 1, a ) ν1 + 2 ν2 + 2 ν0 
4 7585.6281 0.0675 

B (3, 2, a ) (2, 1, a ) ν1 + 2 ν2 + 2 ν0 
4 7645.1972 0.0676 

C (6, 1, a ) (5, 1, a ) ν1 + 2 ν2 + 2 ν0 
4 7757.0252 0.1115 

C (6, 1, a ) (7, 1, s ) ν1 + 2 ν2 + 2 ν0 
4 7500.2346 0.1112 

C (6, 1, a ) (6, 1, s ) ν1 + 2 ν2 + 2 ν0 
4 7638.3694 0.1117 

C (6, 1, a ) (5, 2, a ) ν1 + 2 ν2 + 2 ν0 
4 7767.3768 0.1114 

A (1, 0, s ) (2, 1, s ) ν1 + ν2 + ν3 7620.2164 0.0830 

A (1, 0, s ) (1, 1, s ) ν1 + ν2 + ν3 7659.9820 0.0829 

B (7, 2, s ) (8, 3, s ) ν2 + 2 ν2 
3 7693.5363 0.1174 

B (7, 2, s ) (7, 3, s ) ν2 + 2 ν2 
3 7851.2037 0.1188 

B (7, 2, s ) (6, 3, s ) ν2 + 2 ν2 
3 7989.5070 0.1186 

C (6, 2, s ) (7, 1, s ) ν1 + ν2 + ν3 7498.2354 −0.0374 

C (6, 2, s ) (7, 4, a ) ν1 + ν2 + ν3 7552.3180 −0.0374 

C (6, 2, s ) (6, 1, s ) ν1 + ν2 + ν3 7636.3684 −0.0387 

C (6, 2, s ) (5, 1, s ) ν1 + ν2 + ν3 7755.0233 −0.0398 

C (6, 2, s ) (5, 2, a ) ν1 + ν2 + ν3 7765.3791 −0.0357 
D lines, and 27 assigned using the method of branches [24] . The

ethod of branches allows for small systematic differences be-

ween theory and experiment within a vibrational band with in-

reasing J . However, it fails if this dependency is large and there

re gaps in experimental values which act as predictors. Therefore

ccasional misassignments are not surprising. For the 9 disagreeing

D states, 7 were previously assigned to the ν1 + ν2 + 2 ν2 
4 

band

or which BYTe reproduces the Kitt Peak spectral features par-

icularly poorly. Fig. 6 shows absorption cross-sections of a sam-

le CD pair that were reassigned during our analysis, in this case

he experimental line at 7612.6690 cm 

−1 (cross) was reassigned

rom E 
′′ 
(3 , 3) s ← E 

′ 
(2 , 2) s (hollow square) to A 

′ 
2 (1 , 1) a ← A 

′′ 
2 (0 , 0) a 

filled circle), and its partner line at 7553.0483 (cross) was re-

ssigned from E 
′′ 
(3 , 3) s ← E 

′ 
(3 , 2) s (hollow square) to A 

′ 
2 
(1 , 1) a 

 A 

′′ 
2 
(2 , 0) a (filled circle). Here, our notation corresponds to �tot ( J,

 ) s / a . For the purposes of Fig. 6 lines are convoluted with a Gaus-

ian profile, HWHM = 0.06 cm 

−1 . A complete list of conflicts and

greements is included with our list of assignments in the supple-

entary material. Whilst our assignments account for only 47.5%

f the summed intensity for this region, our aim was not com-

lete assignment. Rather, to demonstrate the predictive power of

ur line list in this newly charted region, and extract a reliable

ist of energies that can be used to refine future ab initio calcu-

ations. We expect our line list to also be useful for assignments

p to 10 400 cm 

−1 , although we have made no attempt to do so
energy and frequency are cm 

−1 , units of intensity are cm 

−1 /(molecule 

E ′ 
obs 

E ′ 
calc 

〈 E ′ 
obs 

〉 I obs I obs / I calc 

7728.1451 7728.0948 7728.1452 8.150 × 10 −23 0.970 

7728.1453 7728.0948 7728.1452 4.911 × 10 −23 0.905 

7701.9061 7701.8388 7701.9061 8.359 × 10 −24 1.094 

7701.9063 7701.8388 7701.9061 2.334 × 10 −23 0.989 

7701.9064 7701.8388 7701.9061 4.199 × 10 −23 1.096 

8050.9935 8050.8820 8050.9935 1.440 × 10 −23 1.012 

8050.9932 8050.8820 8050.9935 3.149 × 10 −24 1.223 

8050.9937 8050.8820 8050.9935 1.842 × 10 −24 0.834 

8050.9934 8050.8820 8050.9935 9.473 × 10 −24 0.916 

7676.1551 7676.0721 7676.1550 5.574 × 10 −23 0.883 

7676.1550 7676.0721 7676.1550 6.581 × 10 −23 0.946 

8372.8243 8372.7069 8372.8252 4.247 × 10 −24 2.133 

8372.8257 8372.7069 8372.8252 8.787 × 10 −24 1.713 

8372.8255 8372.7069 8372.8252 6.677 × 10 −24 2.026 

8048.9940 8049.0314 8048.9936 3.656 × 10 −24 0.825 

8048.9940 8049.0314 8048.9936 3.855 × 10 −24 1.050 

8048.9927 8049.0314 8048.9936 1.187 × 10 −23 0.919 

8048.9916 8049.0314 8048.9936 2.974 × 10 −23 1.208 

8048.9957 8049.0314 8048.9936 1.015 × 10 −24 1.122 
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Fig. 7. Agreement between energy levels derived from our assignments and the values predicted using NH3-C2018 for 6 vibrational bands. 
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4. Conclusion 

We present an improved potential energy surface for 14 NH 3 ,

produced by empirical refinement of a high accuracy ab initio PES

[17] to experimentally derived energy levels [21,35] , and a num-

ber of our own assignments. The resulting rovibrational energy

levels reproduce the MARVEL experimentally derived values for

states with J = 0 − 10 with an rms deviation of 0.10 cm 

−1 under

6400 cm 

−1 , and 0.28 cm 

−1 between 6400 and 7555 cm 

−1 , although

the reliability of some higher energy MARVEL states is uncertain. 

Using a well established DMS [48] , a new DMS currently

under construction, and our own NH3-C2018 potential energy

surface, room temperature line list calculations were performed

for transitions between states with J = 0 − 20 , in the frequency

ranges 0–20 0 0 0 cm 

−1 , and 0–12 0 0 0 cm 

−1 respectively. Several

strong bands in the 570 0–620 0 cm 

−1 were noted missing from HI-

TRAN2016. 

Our line lists were used to assign 769 transitions in the 7400–

80 0 0 cm 

−1 frequency range using ground state combination differ-

ences, and derive 284 upper state energies. Of our assignments,

230 lines were previously assigned [21] , out of which we found

53 disagreed in at least one ‘good’ quantum number. Our use of

stricter validation criteria and higher accuracy line lists suggests
hat a handful of the previous assignments were incorrect. We

ope that future analysis above 80 0 0 cm 

−1 can validate the current

ssignments, and in turn inform future ab initio calculations. In this

ontext we note the recent use of our NH 3 line list by Irwin et al.

57] to study ammonia spectra in Jupiter at near-infrared and visi-

le wavelengths. Their comparisons suggest that the line list repre-

ents a significant improvement on what is currently available but

hat further work is need to improve the predicted frequencies at

horter wavelengths. 

Our next aim is to use our PES in conjunction with DMS-B

48] to compute a hot line list for the frequency range 0–12 0 0 0

m 

−1 suitable for use up to 1500 K. In order to achieve greater

han 99% convergence of the partition function, our lower state en-

rgy threshold will necessarily be extended to 11 0 0 0 cm 

−1 , and

ur rotational excitations to at least J = 42 . The resulting line list

s to be included in the ExoMol database [54] . 
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