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A B S T R A C T

Spectroscopic information systems contain enormous sets of line-by-line (LBL) data on characteristics of
rovibronic transitions. Developers of these datasets are continuously improving transitions data, for example,
via lowering the uncertainties of the transitions. Improved transition uncertainties may also result in a decrease
in the uncertainties of the energies of some of the quantum states. This paper introduces a method that
assesses the existing line lists and suggests wavenumber intervals for possible (re)measurements, based on
their usefulness to improve the uncertainties of the transitions and/or the quantum-state energies. This is
called the spectroscopic heat map method, which characterizes with two values all wavenumber intervals of
a fixed length. The spectroscopic heat map method is tested on the example of seven water isotopologues and
the most abundant isotopologue of acetylene, based on data present in the HITRAN information system.
1. Introduction

The line-by-line datasets in the spectroscopic databank HITRAN [1,
2] are widely recognized as the de facto international standards in
high-resolution molecular spectroscopy. The importance of the HITRAN
data can be appreciated when considering the large number of ground-
based, airborne, and space applications which heavily depend on them.
HITRAN updates are published on a quadrennial basis, with smaller
updates being made in intervening years. Important aims of these
updates include the extension of the data and the improvement of the
accuracy of the transitions already included in the dataset [2].

In this paper, we restrict our discussion to the question what extent
newly acquired spectroscopic data would help to improve the infor-
mation about existing line positions. We are considering the following
two improvements that might happen after replacing existing lines: (1)
improving, that is, lowering uncertainties with which a transition is
known, and (2) improving the uncertainty of the energies of quantum
states, calculated from the complete set of transitions in the line list,
like done in the MARVEL algorithm [3,4].

New data about transition wavenumbers intended to replace old
entries usually come from new measurements (for example, from care-
fully designed precision-spectroscopy measurements [5], which result
in line positions of kHz accuracy). They seldom come from theoret-
ical calculations, and especially not from first-principles ones. Mea-
surements are always associated with restricted wavenumber intervals
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allowed by the experimental setup. Thus, to help experimentalists, it is
important to find wavenumber intervals selected for remeasurement of
transitions that are most useful to improve the existing line list.

There are various physical attributes that describe a spectroscopic
measurement. The mathematical model introduced in this paper uses
a subset of these attributes and provides a useful starting point for the
design of experiments to improve line lists.

Let us discuss the consequences of obtaining new information about
transitions existing in a database, whose (a) intensity is above a certain
minimum value, (b) wavenumber is in a certain 100 cm−1-wide inter-
val, and (c) accuracy is known within certain limits. For example, there
are 2282 rovibrational transitions of H2

16O between 6970 cm−1 and
7070 cm−1 in the HITRAN database, and from these 2282 transitions
460 transitions have an intensity value above 10−25 cm molecule−1. The
first question we are aiming to answer concerns what happens if we
obtain line-position data with an uncertainty significantly better than
the line list has at present? The second question addresses possible
improvements about the uncertainty of energy values. For this, a brief
discussion about the concept of spectroscopic networks (SNs) [6,7] is
necessary. Briefly, spectroscopic networks are graph representations of
a line list, whereby the vertices of the graph correspond to quantum
states present in the line list, and the edges of the graph represent
the transitions measured between the (assigned) quantum states. Var-
ious weight functions can be attached both to the vertices and the
vailable online 30 December 2023
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edges, based on what is needed in a particular situation. Spectroscopic
networks have proved to be particularly useful to aid high-resolution
molecular spectroscopy [8–14]. The theoretical background about SNs,
necessary to appreciate the current study, is provided in Section 2.

The structure of the rest of this paper is as follows. Section 2
explains the methodology used, including a brief description of the
concept of spectroscopic networks. Section 3 introduces a small, artifi-
cial line list, upon which the concepts of this paper are demonstrated.
Section 4 discusses the spectroscopic heat maps of seven water iso-
topologues present in HITRAN, H2

16O, H2
17O, H2

18O, HD16O, HD17O,
HD18O, and D2

16O, and also one on the most abundant isotopologue of
acetylene, 12C2H2. Section 5 describes an additional analysis for H2

16O,
using the first-principles POKAZATEL [15] line list. Section 6 discusses
the conclusions of this work and contains further development ideas.

2. Methodology

2.1. General considerations

Let 𝐿 be a line list of a molecule. Let us denote a transition of 𝐿 by
𝑡, and the wavenumber, the uncertainty, and the intensity of 𝑡 by 𝑤(𝑡),
𝑢(𝑡), and 𝑖(𝑡), respectively. Moreover, let 𝑞(𝑡) = 1 if both the upper and
lower quantum states of the transition are assigned, else, let 𝑞(𝑡) = 0.

ote that in the case of HITRAN the intensity value 𝑖(𝑡) of the transition
𝑡 is obtained after dividing the ‘𝑆’ parameter of the database by the
isotopologue abundance.

Let 𝑢a and 𝑖a, where ‘a’ stands for ‘assumed’, denote an arbi-
trarily chosen uncertainty and intensity value, in units of cm−1 and
cm molecule−1, respectively (these are the usual units used in high-
resolution spectroscopy and in the rest of the paper the units will
usually not be given explicitly). These two values represent the assump-
tion that a transition can be found in the line list 𝐿 with an uncertainty
of 𝑢a and with an intensity of at least 𝑖a.

Next, let 𝑙 denote a wavenumber interval, for example, 𝑙 = 100
cm−1. For a line list 𝐿, this wavenumber interval is slided, in 1 cm−1

increments, from 0 cm−1 until it reaches the largest wavenumber value
in 𝐿. Let 𝑠 denote the left endpoint of the interval. In each step, the
consequences of improving transition uncertainties to 𝑢a, for transitions
𝑡 for which 𝑤(𝑡) ∈ [𝑠, 𝑠+ 𝑙] and 𝑖(𝑡) ≥ 𝑖a, is investigated. To avoid an in-
convenient overloading of the notation, in what follows the parameters
𝐿, 𝑤, 𝑢a, and 𝑖a are considered to be fixed.

2.2. Quantifying transition uncertainty improvements

For a fixed 𝐿, 𝑤, 𝑢a, and 𝑖a, let us begin by defining the transition
set

𝑇1(𝑠) = {𝑡 ∈ 𝐿 ∶ 𝑤(𝑡) ∈ [𝑠, 𝑠 + 𝑙]}, (1)

i.e., 𝑇1(𝑠) contains all transitions that have a wavenumber value in the
[𝑠, 𝑠 + 𝑙] interval.

Next, let us filter out those transitions which cannot be detected
because of their low intensity values:

𝑇2(𝑠) = {𝑡 ∈ 𝑇1(𝑠) ∶ 𝑖(𝑡) ≥ 𝑖a} =

= {𝑡 ∶ 𝑡 ∈ [𝑠, 𝑠 + 𝑙], 𝑖(𝑡) ≥ 𝑖a}. (2)

Thus, 𝑇2(𝑠) contains only those transitions from the given interval
which also have the required intensity. Now, we are ready to select the
transitions whose uncertainty can be improved. These are the elements
of the set

𝑇3(𝑠) = {𝑡 ∈ 𝑇2(𝑠) ∶ 𝑢(𝑡) > 𝑢a} =

= {𝑡 ∶ 𝑡 ∈ [𝑠, 𝑠 + 𝑙], 𝑖(𝑡) ≥ 𝑖a, 𝑢(𝑡) > 𝑢a}. (3)

As a convenient endpoint in this chain, let us quantify the transition
improvements in the [𝑠, 𝑠 + 𝑙] wavenumber interval by the function
2

𝑓 (𝑠) = |𝑇3(𝑠)|. (4)
Thus, 𝑓 (𝑠) ∈ N is equal to the number of transitions of 𝐿, in the interval
[𝑠, 𝑠 + 𝑙], which have (a) an intensity value of at least the assumed
intensity 𝑖a, and (b) an uncertainty value larger than the assumed
uncertainty 𝑢a.

2.3. Spectroscopic networks

To quantify energy uncertainty improvements, we rely on the
spectroscopic-network representation of the line list. The spectroscopic
network of a molecule is a graph 𝐺(𝑉 ,𝐸), in which the vertex set 𝑉
represents the rovibronic quantum states of the molecule, and the edge
set 𝐸 corresponds to allowed transitions between the quantum states.
Physical quantities can be added as weight functions: most notably,
quantum-state energy as vertex weights, and transition intensity and
wavenumber as edge weights.

Therefore, we represent the line list 𝐿 by the graph 𝐺(𝑉 ,𝐸), where
𝐸 = {𝑡 ∈ 𝐿 ∶ 𝑞(𝑡) = 1}. The quantum state of the molecule that
is defined to have zero energy value is the root of the spectroscopic
network. For a graph 𝐺(𝑉 ,𝐸) a path 𝑃 ⊆ 𝐸 of length 𝑘−1 is an edge set
{𝑒1, 𝑒2,… , 𝑒𝑘−1} ⊆ 𝐸, for which there exists a vertex set {𝑣1,… , 𝑣𝑘} ⊆ 𝑉
such that for 1 ≤ 𝑖 ≤ 𝑘 the endpoints of 𝑒𝑖 are 𝑣𝑖 and 𝑣𝑖+1.

Lastly, let us call a quantum state 𝑋 𝜀-reachable if there exists a
path from the root to 𝑋 that contains transitions whose uncertainty is
at most 𝜀. For example, if a quantum state is 10−5-reachable, then there
exists a chain of transitions, a path, from the root to the quantum state
such that the uncertainty of each transition in the chain is at most 10−5.

2.4. Quantifying energy uncertainty improvements

Let us define the transition set

𝑇 ′ = {𝑡 ∈ 𝐿 ∶ 𝑞(𝑡) = 1, 𝑢(𝑡) ≤ 𝑢a}. (5)

The set 𝑇 ′ contains the assigned transitions which have an un-
certainty value already smaller than 𝑢a. Let the set 𝑉 ′ denote the
𝑢a-reachable quantum states of the spectroscopic network representing
𝑇 ′.

We are interested in vertices which are not in 𝑉 ′, but become 𝑢a-
reachable after improving the uncertainty of the assigned transitions of
a 𝑇3(𝑠) edge set to 𝑢a, for some 𝑠. Let

𝑇4(𝑠) = {𝑡 ∈ 𝑇3(𝑠) ∶ 𝑞(𝑡) = 1}. (6)

Let 𝑉𝑠 denote the 𝑢a-reachable quantum states of the spectroscopic
network representing 𝑇 ′ ∪ 𝑇4(𝑠). Note that |𝑉𝑠| ≥ |𝑉 ′

|.
Then, as a sister-value of 𝑓 (𝑠) (see Eq. (4)), let us define

𝑔(𝑠) = |𝑉𝑠| − |𝑉 ′
|. (7)

The 𝑔(𝑠) value expresses the number of quantum states whose reacha-
bility could be improved to 𝑢a after obtaining 𝑢a-accurate data of the
assigned transitions in the wavenumber interval [𝑠, 𝑠 + 𝑙].

Using the definitions given above, we define the spectroscopic heat
map of a molecule as the pair of its 𝑓 (𝑠) and 𝑔(𝑠) values, which can be
calculated under various chosen parameter values 𝑢a and 𝑖a.

2.5. Remarks

The value of 𝑓 (𝑠) shows how many transition uncertainties could be
improved to 𝑢a in the [𝑠, 𝑠+𝑙] interval by new measurements. The value
of 𝑔(𝑠) expresses that after the improvement of the transitions in the
above sense, in the resulting line list how many energy levels become
reachable from the root using transitions of at most 𝑢a uncertainty.

Note that there are additional obstacles in obtaining accurate in-
formation about rovibronic transitions; for example, the density of
lines in the chosen wavenumber range and disturbances caused by
impurities in the sample, including isotopologues. The spectroscopic-
heat-map method presented in this paper should be supplemented

with a secondary investigation, which can also be based on the exact
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Table 1
An artificial line list, used during the discussion of the methological concepts of this
paper.
𝑤(𝑡) 𝑢(𝑡) 𝑖(𝑡) Upper Lower Label

0.5 10−7 10−28 A Root #1
1.5 10−3 10−26 B Root #2
2.5 10−6 10−22 C A #3
3.5 10−4 10−24 ? ? #4
4.5 10−3 10−23 C B #5
5.5 10−7 10−26 E D #6
6.5 10−3 10−22 D C #7

Fig. 1. The spectroscopic network representation of the line list of Table 1; line #4 is
ot shown because its quantum states are not assigned.

pecifications of the experimental apparatus to be used to remeasure
he line(s). Refining the spectroscopic-heat-map method to improve its
apability to suggest wavenumber intervals for measurement seems like
promising future research idea.

. A small artificial example

Let us demonstrate the methodology suggested above through the
mall, artificial line list of Table 1. Let us set the assumed uncertainty
alue to 𝑢a = 10−5, and the assumed intensity value to 𝑖a = 10−25. The

spectroscopic network representation of this artificial line list is shown
in Fig. 1.

First, let us discuss the transition uncertainty improvements. We can
improve lines where 𝑢(𝑡) is larger than 𝑢a = 10−5 and 𝑖(𝑡) is at least
a = 10−25. The uncertainty condition only removes lines #1, #3, and
6 of Fig. 1. These transitions, represented by continuous blue edges in
ig. 1, have already better uncertainties than the assumed uncertainty.
rom the remaining lines, line #2 is removed, since we cannot improve
his line due to its small intensity value. This line is represented by a
otted red edge in Fig. 1.

Therefore, the transitions that are subject to uncertainty improve-
ents are #4, #5, and #7. One of these lines, line #4, has no assign-
ent; thus, it cannot be represented in the spectroscopic network. The

ther two lines are represented by dashed green edges in Fig. 1.
Next, let us concentrate on the uncertainty improvements of the

nergies of the quantum states. Fig. 1 suggests that there are two
3

i

quantum states currently reachable from the root via edges with at
least 𝑢a uncertainty: nodes 𝐴 and 𝐶. In other words, the set of the
10−5-reachable vertices is {𝐴,𝐶}.

Quantum-state energy uncertainty improvements refer to the ex-
tension of this original set by new vertices. Observe in Fig. 1 that
the improvement of the uncertainty of line #5 to 10−5 implies that 𝐵
becomes 10−5-reachable, and a similar improvement of line #7 leads
to vertices 𝐷 and 𝐸 becoming 10−5-reachable.

The results related to the line list of Table 1 are collected in Table 2.
Each row of Table 2 corresponds to a wavenumber interval, and the
metrics defined in Section 2 are calculated for each interval. Among
these metrics are the 𝑓 (𝑠) and 𝑔(𝑠) values, together forming a spec-
troscopic heat map for this small, artificial example. The results show,
for example, that the [4, 7] wavenumber interval yields the highest 𝑔(𝑠)
value, 3. The maximum 𝑔(𝑠) value highlights this wavenumber interval
as a suitable target for a future experiment if the goal is to improve
quantum-state energy uncertainties derived from the line list.

4. Spectroscopic heat maps of water isotopologues and 12C𝟐H𝟐

This section contains results obtained when the spectroscopic-heat-
map method is used on line lists of seven water isotopologues and the
main isotopologue of acetylene. All the experimental data are taken
from the HITRAN 2020 [1] databank.

Before discussing the isotopologues one after the other, it is worth
pointing out that the complete set of results on the seven water isotopo-
logues are found in the Supplementary Material to this paper. Readers
are encouraged to utilize these data sets, based on their own interest
and measurement capabilities. The data are organized as follows. Each
of the seven water isotopologues have five corresponding text files, one
for each of the following 𝑢a values: 10−3, 10−4, 10−5, 10−6, and 10−7.
The first line of each text file explicitly identifies both the isotopologue
and the 𝑢a parameter of the data. The column structure of the individual
text files is shown in Table 3. An additional file containing a detailed
example is also included in the Supplementary Material.

In this section, along a short description of the obtained results,
each isotopologue is characterized by a corresponding figure. Figs. 2–
8 visualize the opportunities which arise to improve transition or
quantum-state uncertainties by improving the current HITRAN line
uncertainties of water isotopologues in the corresponding line lists.
The layout of all these four-panel figures is as follows. The two panels
on the left are about transition uncertainty improvements, i.e., they
how 𝑓 (𝑠) values. The two panels on the right highlight opportunities
or quantum-state energy uncertainty improvements, i.e., 𝑔(𝑠) values.
he panels in the first row correspond to the assumed intensity of
a = 10−24, while the second-row panels to 𝑖a = 10−25. In each panel, the
hree assumed uncertainty values are represented by different colors:
lue, red, and orange curves correspond to 𝑢a = 10−3, 10−4, and 10−5,
espectively.

.1. H2
16O

Fig. 2 illustrates selected results derived for the main water iso-
opologue, H2

16O. The first observation one can make is that the blue
ines in each panel, corresponding to 𝑢a = 10−3, show 𝑓 (𝑠) = 0
alues. This means that all the assigned transitions in HITRAN whose

−24 −1
ntensity is larger than 10 cm molecule are known with at least
Table 2
Showing the calculations on the line list of Table 1, with the interval size set to 𝑙 = 3 cm−1.
𝑠 [𝑠, 𝑠 + 𝑙] |𝑇1| 𝑇1 |𝑇2| 𝑇2 𝑓 (𝑠) 𝑇3 𝑔(𝑠) 𝑉𝑠 ⧵ 𝑉 ′

0 [0, 3] 3 #1, #2, #3 1 #3 0 ∅ 0 ∅
1 [1, 4] 3 #2, #3, #4 1 #3, #4 1 #4 0 ∅
2 [2, 5] 3 #3, #4, #5 2 #3, #4, #5 2 #4, #5 1 𝐵
3 [3, 6] 3 #4, #5, #6 1 #4, #5 2 #4, #5 1 𝐵
4 [4, 7] 3 #5, #6, #7 2 #5, #7 2 #5, #7 3 𝐵,𝐷,𝐸
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Fig. 2. The 𝑓 (𝑠) and 𝑔(𝑠) values for the H2
16O molecule, at assumed intensities of 10−24 (top panels) and 10−25 cm−1 (bottom panels), and assumed uncertainties of 10−3, 10−4,

and 10−5 (blue, red, and orange curves, respectively), for 𝑠 ∈ [0, 19 900].
Table 3
The format of the individual text files in the Supplementary Material of this paper.

Column no. Content

1 𝑠
2 𝑇1(𝑠)
3 𝑇2(𝑠) if 𝑖a = 10−24

4 𝑓 (𝑠) if 𝑖a = 10−24

5 𝑔(𝑠) if 𝑖a = 10−24

6 𝑇2(𝑠) if 𝑖a = 10−25

7 𝑓 (𝑠) if 𝑖a = 10−25

8 𝑔(𝑠) if 𝑖a = 10−25

9 𝑇2(𝑠) if 𝑖a = 10−26

10 𝑓 (𝑠) if 𝑖a = 10−26

11 𝑔(𝑠) if 𝑖a = 10−26

12 𝑇2(𝑠) if 𝑖a = 10−27

13 𝑓 (𝑠) if 𝑖a = 10−27

14 𝑔(𝑠) if 𝑖a = 10−27

15 𝑇2(𝑠) if 𝑖a = 10−28

16 𝑓 (𝑠) if 𝑖a = 10−28

17 𝑔(𝑠) if 𝑖a = 10−28

10−3 cm−1 accuracy. This is an excellent state of affairs for the main
water isotopologue.

Assuming 𝑢a = 10−4, one starts finding intervals in which both tran-
sition uncertainties and quantum state uncertainties could be improved.
The best opportunity is to conduct measurements around 10 650 cm−1,
which is the approximate wavenumber position of the largest peak of
the red curves in all four panels of Fig. 2.

The most obvious, but not too surprising feature of the left panels of
Fig. 2 is that most transitions can be improved with new measurements
with an accuracy of 10−5 or better. Unfortunately, these measurements
are not trivial, though with modern experimental techniques involving
saturation spectroscopy and frequency combs such accuracy is certainly
achievable for a significant number of transitions [5,16–19].

Another feature of the H2
16O data is that the shape of the corre-

sponding 𝑓 (𝑠) and 𝑔(𝑠) curves is very similar. Thus, there is a strong
correlation between improving transition uncertainties and improving
quantum-state energy uncertainties. Therefore, conducting a measure-
ment in a useful wavenumber interval helps to achieve both goals.

In addition to Fig. 2, results about H2
16O are also shown in Table 4,

providing a different viewpoint on the same data. Table 4 contains
the maxima of the 𝑓 (𝑠) values for H2

16O at various chosen intensity
and uncertainty values. For example, the top suggestion regarding
4

transition improvements, under the assumed intensity of 10−25 and the
assumed uncertainty of 10−5, is the interval from 6970 cm−1 to 7070
cm−1: a total of 414 transition uncertainties could be improved within
this interval. There are readily available lasers which would facilitate
such measurements [5].

4.2. H2
17O

Fig. 3 displays selected spectroscopic-heat-map results obtained for
the isotopologue H2

17O. One can observe immediately that in this case
there are opportunities to improve transition uncertainties already at
the 𝑢a = 10−3 level. This situation is unlike that of H2

16O, with no
such opportunities. The 𝑓 (𝑠) values are roughly the same for the case of
𝑢a = 10−4. Assuming 10−4 measurement uncertainty, a huge 𝑓 (𝑠) peak
appears around 6000 − 7000 cm−1.

Another important observation is that in the interval considered the
energies of the quantum states of H2

17O are known quite accurately,
offering practically no opportunities for measurements with 10−3 and
10−4 accuracy. However, if one considered measurements with 𝑢a =
10−5, the 6000 − 7000 cm−1 wavenumber interval, mentioned in the
previous paragraph, has huge 𝑔(𝑠) values.

4.3. H2
18O

Fig. 4 shows selected spectroscopic-heat-map results on the second
most abundant water isotopologue, H2

18O. Regarding the transition
improvement opportunities of H2

18O, a vital factor is the assumed
intensity value. Comparing the two panels of the left column of Fig. 4,
there are large differences at all assumed uncertainty values between
detecting transitions above intensity magnitudes 10−24 and 10−25. By
measuring wavenumber intervals around 10 000 cm−1 or 15 000 cm−1,
and detecting transitions above 10−25 intensity, we can already make
transition uncertainty improvements with 10−3 accuracy.

The energies of the quantum states of H2
18O are well known with

an uncertainty of 10−3 and above 10−24 in intensity. Opportunities to
improve quantum-state energy uncertainties arise after changing the
assumed intensity to 10−25 and the assumed uncertainty to 10−4.

4.4. HD16O

Fig. 5 displays selected spectroscopic-heat-map results for HD16O.
Regarding both the improvement of transition uncertainties and



Journal of Quantitative Spectroscopy and Radiative Transfer 315 (2024) 108878P. Árendás et al.
Table 4
Top suggestions for the H2

16O isotopologue. Column 𝑖a contains the assumed intensities, 𝑢a is the assumed uncertainty, 𝑠 is
the starting wavenumber of the interval, and 𝑓 (𝑠) is the number of transitions which can be improved.
𝑖a 𝑢a = 10−3 𝑢a = 10−4 𝑢a = 10−5 𝑢a = 10−6 𝑢a = 10−7

𝑠 𝑓 (𝑠) 𝑠 𝑓 (𝑠) 𝑠 𝑓 (𝑠) 𝑠 𝑓 (𝑠) 𝑠 𝑓 (𝑠)

10−24 N/A 10 665 164 6 998 256 3 674 340 3 674 340
10−25 10 561 3 10 677 320 6 970 414 3 674 482 3 674 482
10−26 22 556 30 10 677 551 6 958 612 6 958 613 6 958 613
10−27 16 906 130 10 599 835 10 599 942 10 599 942 10 599 942
10−28 16 904 325 10 603 1141 10 603 1303 10 603 1310 10 603 1310
Fig. 3. The 𝑓 (𝑠) and 𝑔(𝑠) values for the H2
17O molecule, at chosen intensities of 10−24 and 10−25, and assumed uncertainties of 10−3, 10−4, and 10−5, for the wavenumber range

of 𝑠 ∈ [0, 19 900].
Fig. 4. The 𝑓 (𝑠) and 𝑔(𝑠) values for the H2
18O molecule, at assumed intensities of 10−24 and 10−25, and assumed uncertainties of 10−3, 10−4, and 10−5, for 𝑠 ∈ [0, 19 900].
quantum-state energy uncertainties, HD16O only offers real opportu-
nities for remeasurements with 𝑢a = 10−5 accuracy. At this accuracy,
however, there is a wide selection of useful intervals between 0 and
10 000 cm−1 for remeasurements, as indicated by the large 𝑓 (𝑠) and
𝑔(𝑠) values.
5

Above 10 000 cm−1, however, both the 𝑓 (𝑠) and the 𝑔(𝑠) values
are very small if not zero. Therefore, conducting measurements above
10 000 cm−1 do not seem to be useful to improve the already measured
transitions or the energies of the quantum states of HD16O.
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Fig. 5. The 𝑓 (𝑠) and 𝑔(𝑠) values for the HD16O molecule, at assumed intensities of 10−24 and 10−25, and assumed uncertainties of 10−3, 10−4, and 10−5, for 𝑠 ∈ [0, 19 900].
Fig. 6. The 𝑓 (𝑠) and 𝑔(𝑠) values for the HD17O molecule, at assumed intensities of 10−24 and 10−25, and assumed uncertainties of 10−3, 10−4, and 10−5.
4.5. HD17O

Fig. 6 contains selected spectroscopic-heat-map results on the rare
water isotopologue HD17O. The most spectacular result of the analysis
is that, in all cases, both the 𝑓 (𝑠) and the 𝑔(𝑠) functions show ‘‘oscillat-
ing’’ behavior between large and very small values. This is especially
true in the case of 𝑢a = 10−5. Consequently, one should be very precise
when selecting wavenumber intervals to measure, as a small difference
could mean improving zero quantum state uncertainties instead of
improving around 200 of them.

This oscillatory behavior of both functions stop after around 8000
cm−1. For wavenumber intervals above 8000 cm−1, there are only a
few and globally not so useful measurement opportunities, as shown in
Fig. 6.

4.6. HD18O

Selected spectroscopic-heat-map results obtained for HD18O are
shown in Fig. 7. Apart from the wavenumber interval between 0 and
6

1000 cm−1, measurements with 10−3 accuracy offer practically no im-
provement opportunities. Under 10−4 accuracy, the 𝑓 (𝑠) and 𝑔(𝑠) values
in a few additional wavenumber intervals arise also moderately, but in
general, the possible contribution of a 10−4-uncertainty measurement
is still low.

However, measuring with 10−5 accuracy offer great opportunities
to improve both transition uncertainties and quantum state energy
uncertainties in the case of HD18O. However, one should be very
precise in selecting the wavenumber interval, as the 𝑓 (𝑠) and 𝑔(𝑠) values
show oscillatory behavior, alternating between large and very small (or
zero) values.

4.7. D2
16O

Fig. 8 illustrates selected spectroscopic-heat-map results derived for
D2

16O. The transitions and quantum state energies of D2
16O are well

known at the 10−3 uncertainty level, offering no real improvement
opportunities for measurements with this accuracy. For 10−4 accuracy,
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Fig. 7. The 𝑓 (𝑠) and 𝑔(𝑠) values for the HD18O molecule, at assumed intensities of 10−24 and 10−25, and assumed uncertainties of 10−3, 10−4, and 10−5.
Fig. 8. The 𝑓 (𝑠) and 𝑔(𝑠) values for the D2
16O molecule, at assumed intensities of 10−24 and 10−25, and assumed uncertainties of 10−3, 10−4, and 10−5.
there is one relatively large peak in both the 𝑓 (𝑠) and 𝑔(𝑠) curves on all
panels of Fig. 8, centered around 5200 cm−1.

New measurements between 0 and 9000 cm−1 start to be useful
after reaching the 10−5 accuracy level. Notice the oscillatory behavior
of both functions in the corresponding (yellow) curves. A consequence
of this oscillation is that one should be precise when selecting the
wavenumber interval for measurement, as a small change could mean
the difference between a very useful measurement from the viewpoint
of this analysis, and a not very useful one.

4.8. 12C2H2

At last, let us discuss another molecular example, acetylene, to
underline the usefulness of the spectroscopic-heat-map approach.

Fig. 9 shows the 𝑔(𝑠) values obtained for the 12C2H2 HITRAN line
list, at 𝑢a = 10−7 and 𝑖a = 10−25. In 2023, new, kHz-accuracy mea-
surements were performed in the spectral range of 7125–7230 cm−1 for
the 12C H molecule [19], following the ideas of the so-called SNAPS
7

2 2
Fig. 9. The 𝑔(𝑠) values for the 12C2H2 molecule, at the assumed intensity of 10−25 and
the assumed uncertainty of 10−7.

(spectroscopic network assisted precision spectroscopy) approach [5].
In this work the authors could improve the uncertainties of 57 energy
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Fig. 10. Comparison of the number of H2
16O transitions in the HITRAN and

POKAZATEL line lists between 0 and 20 000 cm−1.

levels using 20 newly measured transitions (i.e., in our terminology,
𝑔(𝑠) ≫ 𝑓 (𝑠)). If we check the shape of the 𝑔(𝑠) curve for the 12C2H2
HITRAN line list, see Fig. 9, we can clearly see that there is a high peak
in the 7000–7500 cm−1 region. This means that this region is a very good
choice to improve the uncertainties of the energy levels. Furthermore,
it can be seen that further 200 energy levels can be improved by
measurements in this region.

5. Completeness analysis of H𝟐
𝟏𝟔O

To provide additional insight about the accuracy of the transitions
and energy levels of H2

16O, this study also contains an analysis that
compares the incomplete HITRAN line list with the complete first-
principles POKAZATEL [15] line list of H2

16O. Using the definitions
from Section 2.2, this comparison was done by calculating the |𝑇2(𝑠)|
values between 0 and 19 900 cm−1 for both line lists, with assumed
intensity values of 10−24, 10−26, and 10−28. The results obtained are
shown in Fig. 10.

Besides offering a viewpoint on the completeness of the HITRAN
line list, this comparison also sheds light on several other issues. A
welcome observation is that, overall, the transitions are well mapped
in HITRAN until 20 000 cm−1: the two curves are close to each other
in all three panels.

The number of possible transitions grow in a slow pace as the
assumed intensity value increases, with a growth factor of only 2 on
the vertical axis from 10−24 to 10−26 and from 10−26 to 10−28.

The atmospheric windows (zero transitions in an interval) fade as
the intensity value decreases, completely disappearing at 10−28. The
presence of the less transition-dense intervals seen at 10−28 might
also offer a good opportunity of determining the assignment for these
transitions, as lower line density could make the identification easier.
Such a comparison is also possible for the other water isotopologues.
8

6. Summary and conclusions

This paper presents a novel method for the analysis of large line-by-
line datasets, for example those in the canonical HITRAN [1]
spectroscopic databank. This analysis, which we call the ‘spectroscopic-
heat-map approach’, can help the design of new spectroscopic mea-
surements by highlighting wavenumber intervals that seem particularly
promising for (re)measurement if the goal is to improve the accuracy
of transitions and energy levels of the line list of the given molecule.

There are two parameters which govern the design of new measure-
ments, namely the minimum intensity (𝑖a), above which the lines are
assumed to be detectable, and the assumed wavenumber uncertainty
(𝑢a) which the measured lines will have. The main idea is to observe
what happens after improving the uncertainties of certain transitions,
that meet a few criteria, in a 100 cm−1 wavenumber interval, and the
interval window is slided from 0 cm−1 to the maximum wavenumber in
the line list. The method outputs text files, with multiple numbers de-
scribing each 100 cm−1 interval; these data sets are called spectroscopic
heat maps, well suited for visualization.

The algorithm was applied to line lists of seven water isotopologues
and to acetylene of the HITRAN spectroscopic databank. As part of the
Supplementary Material, the readers are provided with comprehensive
spectroscopic heat maps for the seven water isotopologues at various
assumed uncertainty and intensity parameters. The hope is that they
could help in the design of actual future spectroscopic measurements.

This work offers various ideas for future research. The most straight-
forward idea is to investigate the possible improvements of transition
and energy uncertainties for other species. One could also develop a
more detailed method of quantifying the uncertainty improvements:
for example, by including ab initio data, or by extending the method
with other considerations, for example, line density. Another idea is to
develop a method which explicitly suggests measurements, using the
considerations of this paper, but adding an objective function to classify
the usefulness of the possible measurements.
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