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The goal of this work was to evaluate existing H,O linelists using measurements (lab & solar) acquired under conditions
typical of the Earth’s atmosphere. This was achieved by fitting laboratory and atmospheric spectra.

During the course of this it became clear that there wasn’t a single linelist that was better than the others in all circumstances
and spectral regions. Although the HITRAN linelists generally got much better with each new edition, there were always a
few cases/regions in which older linelists was better (““Two steps forward, one step backward”).

Attempting to capture the improvements without the lapses, we merged the best aspects of the existing linelists to create a

new “cherry picked” linelist. We then “repaired” any obvious spectroscopic problems that remained in the cherry-picking,
such as position, intensity, width, and shift errors,

So this report fulfills two functions: Firstly, to evaluate the linelists that existed in 2018. Secondly to report the creation of a
“greatest hits” linelist that captured the best aspects of the predecessor linelists. For the sake of brevity and concision, these
two function were merged into the one report, so that the new “greatest hits” linelist (ATM18) evaluation is shown in parallel
with that of the earlier linelists, even though it happened 2 years later.

In this report H,O, HDO and D,0 are considered to be different gases, they are evaluated separately. So when the term H,O
is used, we refer to the first three isotopologs of water vapor, and exclude HDO and D,0.



HITRAN 2016 paper: Water Vapor Section: Introduction

“The HITRAN2016 edition has undergone a substantial revision and expansion of the database of water vapor. In
HITRAN2012 a very large expansion of the dynamic range of the line intensities for non-deuterated isotopologues of
water vapor was implemented, thanks to the ab initio calculations from the BT2 line list [15] and, in selected spectral
intervals, Lodi et al. [16] for the principal isotopologue and from Lodi and Tennyson for H,'8O and H,!7O [17]. The ab
initio results were replaced with high-quality experimental or-semi-empirical data wherever possible. In HITRAN2016,
we have done a similar expansion of the dynamic (and spectral) range of the singly-deuterated isotopologues.”
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Atmospheric Water Vapor Abundances

Water vapor is extremely variable in the Earth’s troposphere. From a mole fraction of 3 ppm at the tropical tropopause to 4%
in the tropical PBL (4+ orders of magnitude). On top of that, the atmospheric pressure decreases by a factor 10 between the
surface and the tropical tropopause. So a 5 order of magnitude range of [H,O]. More for [HDO] due to its strong fractionation.

Even for ground-based observations, the difference in H,O slant column between a humid high-airmass spectrum and a dry
low-airmass spectrum can still be 2-3 orders of magnitude.

Retrievals are most accurate when the absorption features are around unit optical depth. Weaker than this and random noise
increasingly dominates; stronger than this and systematic errors dominate (e.g. zero level offset, line-shape). So in retrieving
atmospheric H,O, multiple windows with a large range of strengths are needed to accommodate its huge dynamic range.
Hence the need for accurate spectroscopy with good line-to-line and window-to-window consistency.

Water vapor absorption is ubiquitous throughout the infra-red, making it a major interferent in retrievals of other gases (CO,,
CO, O3, N,O, CH4, NO, NO2, HCI, HF, etc.) for the purposes of NDACC, TCCON, ACE, MKV, etc. Thus H,O spectroscopy
must also be good in the windows where we retrieve these other gases, not just in the windows where we retrieve H,O itself.



Path Length and Slant Column Considerations

For open paths through the Earth’s atmosphere, ground-based path lengths range from one scale height (~8 km) when zenith viewing to 35
scale heights (280 km) when SZA=90. Balloon-borne limb path lengths can reach 500 km

For laboratory FTIR spectra, the longest path lengths that I have encountered are only 0.4 km, which is 20-1000 times shorter than in the
atmosphere. (Cavity Ring Down techniques can achieve much longer path lengths, but with caveats).

For gases whose atmospheric vmrs are < 0.001 (e.g. CO,, N,O, CH,, CO) the absorption depths achievable in lab spectra can be made similar
to those in atmospheric spectra by increasing the lab vmrs by a few orders of magnitude as compared with the atmosphere. But this is not an
option for H,O (or O, or N,.). For H,O the attainable lab vmrs are severely limited by its low vapor pressure (condensation).

So lab H,O slant column amounts do not get close to atmosphere values (although HDO and D,0 can by use of isotopically-enriched samples).
So H,O0 lines that appear fairly strong in high-airmass atmospheric spectra will not be discernable in lab spectra. Their spectroscopy, if present,
will therefore be theoretically-based.

The maximum ocean temperatures on Earth are about 30C, at which the saturated vapor pressure of H,O is 31 Torr. This is 4% of the Earth’s
sea-level pressure and represents the highest absolute humidity that might naturally be encountered.

In the Earth’s troposphere, water vapor has a scale height of about 2 km in the daytime (1 km at night), which is much less than the 8 km
density scale height. So when H,O is 4% of the molecules at the surface, in terms of the vertical column abundance H,O will only be 1% of
the total. The vertical column of all molecules is 2.15E+25 molecules.cm™. The largest conceivable H,O vertical column is 1% of this or
2.15E+23. In a horizontal path the H,O slant column will be larger by a factor Sqrt(mR/H/2) which for H,O (H=2 km) is 70x larger = 1.5E+25
molecules.cm™. The largest that TCCON has ever measured (sunny conditions) is 3E+24 molecules.cm2, which is 5 times less than worst

case limit. In such a path, lines that are 1.5% deep (clearly above noise level) and 0.1 cm™ wide, will have an intensity of 0.015 x 0.1 / 3E+24
= 5E-28 cm!/(molec.cm™).

In the lab, the H,O partial pressures are similar to those in the atmosphere i.e. 30 Torr. But instead of having an effective path of 140 km, it is
only 0.4 km. So lab spectra do not come close to the H,O amounts seen in the atmosphere. So H,O lines weaker than SE-27 cannot be
validated with lab spectra, at least the ones that I have. Thus, atmospheric spectra are needed to validate the spectroscopy of weaker H,O lines.



The H,O Linelists Evaluated

H,O is represented by isotopologs 1-3, HDO by isotopologs 4-6,
and D,0O by isotopologs 7-9.

D,0O cannot be seen in the Earth’s atmosphere. The main purpose
of the D,0 linelist is to facilitate analysis of highly D-enriched lab
HDO spectra, in which D,0 absorptions can be strong. HIT16
includes a linelist for D,!%0 (isotopolog #7) for the first time. Bob
Toth had one in 2006 that never got into HITRAN, but was
included in ATM16.

Whereas the HDO linelist in HITO8 and HIT12 extends to 22,708
cm!, in HIT16 it extends only to 19,935 cm!, despite containing
4x more lines.

The ATM16 H,O is founded on Toth (2003), except for the 0-600
and 8100+ cm-1 regions which are from HIT12. Many ad hoc
empirical improvements have been made.

ATM18 is based on the HDO and D,0O from HIT16, except in the
TCCON windows where the ATM 16 HDO was retained. ATM18
H?2O0 is founded on ATM16

HITO08: 69,201 lines
54,177 H,O lines covering 0 to 25,232 cm-!
15,024 HDO lines covering 0 to 22,708 cm-!

HIT12: 224,515 lines
209,492 H,0 lines covering 0 to 25,710 cm-!
15,023 HDO lines covering O to 22,708 cm-1

ATM16:169,134 lines
147,636 H,O lines covering 0 to 25,711 cm!
18,713 HDO lines covering 0 to 22,708 cm-!
2,785 D,O lines covering 2198 to 4255 cm-!

HIT16: 304,225 lines

207,277 H,O lines covering 0 to 25,711 cm!
73,460 HDO lines covering 0 to 19,935 cm-!
23,488 D,0O lines covering 0 to 12,797 cm-!

ATM18: 244,136 lines
148,486 H,O lines covering O to 25,711 cm-!
71,424 HDO lines covering 0 to 19,935 cm’!
24,226 D,0O lines covering 0 to 12,797 cm!



The Fitted Spectra

Laboratory (154 spectra covering 650-11,000 cm1)
140 from Kitt Peak (1983-1996)
* 58 of which are D-enriched
. 7 of which are '80-enriched
. 3 of which are "O-enriched
11 from Manfred Birk (2014-2015)
3 from Keeyoon Sung measured by the Bruker 125HR at JPL in 2008 (B0028 & B0030 series)

MKIV Balloon-borne (650-5650 cm™)
One occultation of 34 spectral pairs (HgCdTe & InSb) covering 9 to 38 km altitude

MKIV Ground-based (650-5650 cm™!)
Subset of 121 spectral pairs (HgCdTe & InSb) covering 10 to 89° SZA and O to 3.8 km altitude

TCCON Ground-based (4000-15,500 cm)
26 spectral pairs (InGaAs & Si)
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Retrieved H,O VMR Scale Factors (lab)

VMR Scale Factors (VSFs) are the ratio of the retrieved gas amount
to that expected based on the measurement condition (cell length, T,
P, VMR). In a perfect case, the VSFs should all be 1.0.

Upper Panel. The retrieved H,O VSFs values, for each window and
each lab spectrum are color-coded (blue=0.5, green=1.0, red=1.5)
and are plotted versus the window center wavenumber and an
arbitrary spectrum #. Each point represents a spectral fit to a ~100
cm! wide window. Spectra 1-3 are from Keeyoon Sung, spectra 4-
14 are from Manfred Birk, and the remainder from Kitt Peak. Most
spectra cover less than 2000 cm!. Consequently only 29% of the
154x100=15400 potential spectral fits could be performed.

Lower Panel. The H,O VSF uncertainties are color-coded
according to uncertainty (purple=0.2%; blue=1%; green=10%;
red=100%) and are plotted versus the window center wavenumber
(x-axis) and the spectrum # (y-axis). These uncertainties are based
on the absorption depths of the H,O lines and the fitting residuals.

On subsequent slides the VSF values in the upper panel are averaged
across each row (i.e., over windows) and down each column (i.e.,
over spectra). These averages are weighted using the uncertainties in
the lower panel. Since regions with VSF values substantially
different from 1 (blue or red) generally have large error bars, they
don’t adversely affect the average VSF values.
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Lab Spectra: RMS Residuals

Upper panel shows the RMS spectral fitting residuals
averaged over 154 lab spectra, mainly Kitt Peak. These
tend to be large/poor in regions with strong H,O
absorption and smaller/better in regions of weak
absorption. Above 6000 cm™! the available Kitt Peak lab
spectra start to fall in signal, so the RMS expressed in
transmittance, increases. Lower panel shows the
difference in RMS relative to HIT12. Negative values
imply improved performance.

Although HITOS is marginally the worst linelist overall,
it was much better than HIT12 around 5500 cm and
around 1500 cm-!. HIT12 is much better above 8000 cm-
I, giving it a slightly improved overall RMS. HIT16 is
the worst linelist in just 3 windows.

The ATMI18 linelist gives the best (or equal best) fits in
every window. This is by virtue of being a “greatest hits”
compilation culled from the best of the predecessor
linelists. Also, ATMI18 benefitted from ad hoc
adjustments to fix obvious remaining errors, based on a
subset of these same lab spectra (unfair). So need to look
at other spectra, besides KP, to confirm its superiority.
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Summarizing Kitt Peak H,O VSFs

Top Panel: VSF_H,O values obtained using the ATM18 linelist,
averaged over the different lab spectra fitted in a particular window
and plotted versus its center wavenumber. This exposes windows in
which the retrievals are wrong due to factors common to the
majority of the fitted spectra, e.g., spectroscopy. Over 2400-2700
cm ! errors are large due to the weakness of the H,O lines. Above
7300 cm! the lab spectra become increasingly noisy.

Bottom Panel: VSF_H,O values from a particular spectrum
averaged over the fitted windows and plotted versus spectrum #.
This exposes spectra in which the retrievals are wrong due to factors
specific to that particular spectrum, e.g. the assumed VMR, P, T, or
path length may be wrong. Or the ILS might be mis-aligned. Or a
large zero-offset is present.

Spectra #32-34 have large uncertainties, so why use them? These
were recorded at KP in 1983 and are high quality but contaminated.
They might be useful in future when contaminant is identified and
fitted out. Until then they have little impact due to their large errors.

These plots summarize the information presented 2 slides ago: we
have averaged over the columns and the rows. In general the error
bars in the lower panel are smaller than those in the upper panel,
which implies that spectrum-to-spectrum uncertainties in retrieved
H,O are larger than window-to-window variations.
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Kitt Peak Lab Spectra — VMR Scaling Factors (VSF) with different linelists

Figure shows VSFs for each window and 1.15[F ' , II ' « HIT 2008 ;i
each linelist, obtained by averaging over the C : + HIT 2012 ;
spectra that could be fitted in this window. w 1,10 - !
The red points are identical to those in ° u :
upper right panel of previous slide. f 1.05 :
The VSFs should be all 1.0. Error bars are E 1.00 HEMIE 1:
large in regions where the H,O lines are = i E
weak (e.g. ~2600 cm! and 7900+ cm!). ; 0.95 - i
All linelists have dips in their VSFaround ™ g g ;
900 cm-! and 6000-6400 cm!, and peaks in :
their VSFs around 1600-1800 cm-!. 0.85 - ~ - :
2000 4000 8000 8000
HIT 2008 lines were 15-20% too weak in Wavenumber {em™)

the 8000-9300 cm-! region.

HIT16 VSFs are less variable than HIT12, but still suffer a dip around 6000-6400 cm™!. Overall HIT16 has the least variable
VSFs with an RMS deviation of only 1.41% RMS.

Linelist HIT08 HIT12 ATMI16 ATM18

Weighted Mean VSF (over windows) 0.9960 1.0008 1.0036 0.9997
RMS deviation from mean 0.0333 0.0243 0.0324 0.0165



Summarizing Kitt Peak HDO VSFs

Same plot as two slides ago, but for HDO, not H,O.

Upper Panel: VSF_HDO values obtained using the ATM 18 linelist,
averaged over the different lab spectra fitted in a particular window
and plotted versus its center wavenumber. This exposes windows in
which the retrievals are wrong due to factors common to the
majority of the fitted spectra, e.g., spectroscopy.

Lower Panel: VSF_H20 values from a particular spectrum
averaged over the fitted windows and plotted versus spectrum #.
This exposes spectra in which the retrievals are wrong due to factors
specific to a particular spectrum, e.g. the assumed VMR, Pressure,
Temp, or path length may be wrong. Or the ILS might be mis-
aligned. Or a large zero-offset is present.

Error bars are smallest in windows with strong HDO absorption, but
weak interfering H,O (e.g. 2500-2800 cm!; 4500-5000 cm-!).

In general the error bars in the lower panel are smaller than those in
the upper panel, which implies that spectrum-to-spectrum
uncertainties in retrieved HDO are larger than window-to-window
variations.
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Comparing Kitt Peak HDO VSFs obtained using different linelists

VSF_HDO values, averaged over the different 1.151 -

lab spectra fitted in a particular window,

plotted versus center wavenumber. Red points , 1.10

(ATM18) are identical to upper right panel of §

previous slide. g kiu J

Regions with large error bars contain weak ':':: 1.00 1 " *

HDO lines, and vice versa. Points with error :

bars exceeding 0.5 are omitted. For example, & 0.95 It | Lt

the HITO8, HIT12 and ATM16 linelists had 2 2008

no HDO lines 2000-2200 cm!, 5660-6100 & %% 1l || 2012

cm!, and 7500-9600 cm! and therefore huge — ; gaH \TM (2016

uncertainties there. | PATM) (2018, | .

Smallest HDO error bars are 2600-2800 cm! 2000 4000 6000

where the HDO lines are reasonably strong Wavenumber {em™)

and with little H,O interference. This plot

exposes windows in which the retrievals are

wrong due to factors common to the majority

of the fitted spectra, e.g., spectroscopy. Linelist HITOS HITI2 ATMI6 ATMIS

: inelis

E; Iigoidlgfisc aYaigeihzreHzgt gﬁtsedvzllﬁzz Weighted Mean VSF (over windows) 1.0320 1.0306 1.0342 0.9881

% RMS deviation from mean 0.0460 0.0457 0.0297 0.0147

shown earlier



Residual

Residual

Examples of Line position error in HIT16 linelist in Kitt Peak lab spectra
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Fits to KP lab spectra: 6180 to 6260 cm!

22 Kitt Peak lab spectra cover this band. Shown example is the one
with the deepest H,O absorptions, but only 10% deep despite 13.7 Torr
of pure water vapor at 19.5C (80% RH) in a 0.4 km path.

Note that the residual panels are y-auto-scaled: the top panel (HITOS)
reaches 1.4% whereas the bottom panel (ATM18) reaches 0.3%. In the
bottom panel the residuals become dominated by measurement noise.

Table shows average % rms fitting residuals for all 22 spectra, in the
two windows used by TCCON to retrieve atmospheric CO,. A
monotonic decrease/improvement from HITOS8 to ATM 18 is seen.

6180-6260 0.1311 0.1265
6295-6380 0.1444 0.1443

0.1261
0.1416

0.1141
0.1307

0.1120
0.1300

In air-broadened lab spectra in this region, most of the lines become so
shallow that they submerge beneath the noise. So atmospheric spectra
must be used to check the ABHWs in this region.

No lab spectra of H,O below 19C in this region. So atmospheric
spectra are needed to evaluate the low-T performance of the linelists.
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Residual

Residual

Examples of spectral fits to Kitt Peak lab spectra in 4000-4083 cm™! window

Top Row: 1.55 Torr of H,O in 360 m path air-broadened to 552 Torr. Bottom Row: 7 Torr of pure H,O in 433 m path.
Left panels: HIT16 linelist. Middle panels: ATM16. Right panels: ATM18 linelist. Note change of Residual panel y-scales.
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Fits KP lab spectra: 4780-4886 cm!

This region is used by OCO-2 and GOSAT: the strong CO,
band. The residuals and spectra are an average over the 45
KP spectra that cover this band. Note that the residual panels
are y-auto-scaled: the top panel (HITO8) reaches 0.9%
whereas the bottom panel (ATM18) reaches 0.13%. In the

bottom panel measurement noise starts to become noticeable.

HIT16 provides better fits than HIT12, which provides much
better fits than HITO8. But the ATM16 was slightly better

than HIT16 (in this particular window).

ATM18 is the best of all with peak residuals of 0.13% and
RMS residuals of 0.0845%.

The large panel at the bottom shows the measured (points)
and calculated (line) transmittance spectra. All significant
absorptions are from H,O.

No lab spectra of H,O below 19C were available in this
region. Atmospheric spectra are therefore needed to evaluate
the low-T performance of the linelists.
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MKIV Balloon Measurements

Balloon measurements cover the entire 650-5600 cm™!
region simultaneously, unlike lab spectra. They cover a
wide range of T/P conditions (220-250K, 3-300 mbar).
This represents the only studied sub-250K H,0 spectra.

Balloon spectra show less linelist-to-linelist variation in
the RMS values because the non-H,0 gases, which were
not changed, dominate the RMS spectral fit values.

Residuals are larger in regions with stronger H,0
absorption (e.g. 1500-1800 cm™, 3700-3900 cm1).

The orange trace shows that HIT16 is the worst of all
linelists in just 6 windows (1800 cm'1, 3400-3550 cm'1,
& 5200-5500 cm™™.

The ATM linelists are the best around 2300 cm1, 3200-
3600 cm1, and 5000-5600 cm!

RMS Spectral Fit Diffs {HITxx—HIT12)

Linelist HIT08 HIT12 ATMI16
% RMS averaged over windows: 0.5375 0.5377 0.5362
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Residual

Transmittance

Ilustrating the degradation of fitting residuals due to a mis-positioned H,O line at 3522.74 cm-! in HIT16.
11 3522.7403 4.276E-21 1.309E+00.10020.494 212.15640.64-.004000
11 3522.7371 4.392E-21 1.345E+00.10080.510 212.15640.76-.006259

HIT12:
HIT16:

Example of a fit to a MKIV balloon spectrum at 36 km tangent altitude
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There is a 3.2 mK difference in line position between HIT12 and HIT16, the former appearing to be correct.



din97128.509_510 ¢ = 94.93° Z, = 15.62km 0, = 0.5893%

Spectral fits to MKIV balloon spectra
a Wiih2o
<+ Example of spectral fits to 5257 cm™! window at 15.6 km tangent altitude.
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Spectral fits to MKIV balloon
spectra at 29 km tangent altitude

Opme = 0.5993%

= 93.00° Z. 7~\29.30km
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MKIV Balloon Measurements — H,O VMR Scahng Factors

B | LR b i LR ' -

The assumed atmospheric H,O profiles based on 1 - ‘ : g% gg‘;i E
sondes, which are probably good to only 5-10%. - l v ATM 201 6
So the absolute VSF values are not that accurate. 2 | <HIT 2 :
But the window-to-window variations in VSF are § 1.1 : i > ATM 2018 =
much more precise since all windows were S -1 U
measured simultaneously in the same airmass. : -
In the 2200-2500 cm! region the error bars are E 1.0 1 E
very large. This is because the limb path 1s blacked = ' 1
out by CO, and N, in the troposphere. And in the = 3 .
stratosphere the H,O is only ~5 ppm. ':'n! - -
In the 2500-2800 cm-! region the H,O absorption 0.9 i E
lines are very weak. HDO is much stronger there. - -
ATM18 linelist has the best window-to-window A E ........... [ | o e | -
consistency (smallest RMS deviation from mean) 1000 2000 3000 4000 5000
closely followed by HIT12. HITOS has the worst Wavenumber (cm™)
window-to-window consistency.

Linelist HIT08 HIT12 ATMI6 ATM18

Weighted Mean VSF (over windows) 0.9842 0.9769 0.9807 0.9723

RMS deviation from mean 0.0395 0.0305 0.0372 0.0297



MKIV Ground-Based -
RMS Fitting Residuals

MKIV ground-based spectra are useful 650 to 5500 cm-!.

In blacked-out regions absorption (e.g. 1300-1900 cm-!,
3700-4000 cm!,2200-2400 cm-!, 3500-3700 cm 1)
retrievals tend not to converge reliably so residuals tend
to be small and unstable.

Outside these blacked-out regions, the ATM 18 linelist is
best or equal best.

Overall, HIT12 is slightly better than HITO8. But around
2200 and 3200 cm'! it is worse.

HIT16 was big improvement over HIT12, but did not
surpass ATM16. Overall, ATM18 is by far the best.
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MKIV ground-based HZO VMR Scaling Factors

Assumed atmospheric H,O profiles based on - l ' " = HIT 2008 i
NCEP analysis, which are probably good to 1.00~ < HIT 2012 -
only 15%. So the absolute VSF values are [ v ATM 2016 -
not that accurate. But the window-to-window | g g5 <« HIT 2018 _
variations in VSF are precise since all % [ » ATM 2018 -
windows were measured simultaneously in o N i
the same airmass. o 0.90F -
g T :
In blacked out regions, e.g. 1400-1900, 2300- 0.85 - 7
2400, and 3500-3900 cm’!, the error bars are = C i
very large. =3 - -
= 0.80 <
Window-to window consistency improves -
with each linelist version. -
0.75[
B [ |....... ......... -
1000 2000 3000 4000 2000
Wavenumber (cm™)
Linelist HIT08 HIT12 ATMI16 ATM18
Weighted Mean VSF (/windows) 0.8587 0.8640 0.8724 0.8755

RMS deviation from mean 0.0588 0.0544 0.0411 0.0320



TCCON Ground-based: YE ¢ EIT 2108 | 7 E
.. . _ 10f S A
RMS Fitting Residuals g r AT 20is [ X
In terms of RMS fitting, HITOS is by far the worst % 0.8 i , i | ;'7 -
linelist, especially over the 8500-9000 cm! region, & . & i) il y
where its RMS residuals exceed 2%. Between 7500- m 04l s Y _ AL A p
7700 cm-! and at 10,300 cm-!, however, it is better than 0.2 3 j f S j’ \ | \PW7 E
HIT2016! y il | \ ]

4000 5000 6000 7000 8000 9000 10000
Although HIT16 was much improved over HITIZ, it THEPY SAMMASARAARARSAS (AR ARMARARAALAAARARAMARARS ARASAS RRARAMAASARAMARS _:
was not better than ATM16. 5 e
B ooff , . . z‘v——f
HIT16 has the worst RMS in 7 windows: including E ]f ‘*‘*:W ‘ ) ‘,.‘\
4850, 5200-5400, 7600-7700, and above 10200 cm. & _o,E | or 3
S F /- E
ATM16 has the best (or equal best) RMS in every e ok | cmr 2008 Y ] I
window (if not, I would have replaced the defective 3 »f,| | 'lﬂi %‘f}ﬁlfﬁ{ ) ll |
lines from whatever linelist was best). n%' —0sF ‘\ <HIT 2018 ““"l 3
E g » ATM 2018 | i Y3

4000 5000 6000 7000 8000 9000 10000

Wavenumber {em™)
Linelist HIT08 HIT12 ATMI6 ATM18

% RMS averaged over windows: 0.5050 0.4431 0.3507 0.3209



TCCON Ground-based — H,O VMR Scaling Factors

Assumed atmospheric H,O profiles based on FPIT :Eg Eg?g
meteorological analysis (good to ~10%). So the 501

*vATM 20186
absolute VSF values of 0.88 likely indicate error in 1.0 «HIT 2016
assumed atmospheric H,O, not spectroscopy. »ATM 2018
Window-to-window variations in VSF are precise

since all measured simultaneously in same airmass. o.oll
L ] '™

In the 8000-9300 cm ! region, HIT2008 produces
much larger H,O amounts than any other linelist.

In the 9500-10100 cm! region, HIT2016 gives
much lower H,O amounts than any other linelist.
This cannot be confirmed with the lab spectra at
my disposal since the lines are too shallow.

H,0 VMR Scale Factor

The ATM18 linelist has best window-to window 0.7
consistency (smallest RMS deviation from mean). 4000 5000

Linelist HIT08S HIT12 ATMI16 ATM18
Mean VSF (over windows) 0.8726 0.8669 0.8719 0.8793
RMS deviation from mean 0.0631 0.0324 0.0284 0.0255
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Fits to a humid high-airmass GG TRt Y .
ground-based TCCON spectrum

Although fits with HIT16 H,O linelist are generally good,
in the 7765-8005 cm™! region, there are ~20 lines with
poor widths and/or pressure shifts. These give rise to
large residuals, which degrade the overall rms residual to
0.8730 %, as compared with 0.7896 % for the ATM16
linelist. Four examples are shown below. For this reason
the ATM 16 linelist was taken as the starting point for the
ATM18 H,O0 linelist in this window, which eventually EEEEL R LR
achieved a RMS fitting residual of 0.491% by combining 2800 7850 7900 7950 8000
the best features of ATM16 and HIT16 (see next slide). Wavenumber (em™)
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Fits to humid high-airmass ground-based TCCON spectrum (Darwin)

[lustrating fits to 7760-8010 cm! region, which is used by TCCON to retrieved O,. Left panel shows fits using ATM16
linelist. Fits on right uses ATM18 linelist, which results in the RMS residuals being reduced by 40%.

This particular spectrum has a large H,O slant column of 3E+24 molecules.cm2, which makes it good at exposing deficiencies
in the weak H,O lines. In spectra acquired in less humid conditions or at lower airmass, the residuals are dominated by O, and
the stronger H,O lines, which don’t change so much between linelist versions.

db20070417seccaa 206 207 ¢ = 87.11° 7y =  0.03km 0.y, = 0.7896% db20070417seccaa 206207 ¢ = 87.11° Zy = 0.03km 0,y = 0.4912%
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pa20040721saaaaa.043 ¢ = 39.68° Z; = 047km o, = 0.4270%

Examples of fits to TCCON ground-based : |
spectra: 4790 to 4890 cm! R

Residual

1 | 1 1 1 |
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Under dry conditions, the dominant source of residuals in this region in the g [jitiy 'E: st : 1 | 1. solar
neglect of CO, LM. But since we use the same CO, linelist & lineshape in g it it i SRER: il | g Eas
all cases, the small differences in the residuals are entirely due to H,O. g oul
That said, there is a danger in adjusting H,O lines in this region when i .
strong CQO, absorption are overlapping them. You may adjust the H,O line i
parameters to minimize CO,-related residuals (e.g., LM). This is why pure ool #. . . ¥ 4

4800 4820 4840 4860 4880

H,O lab spectra are much preferred, if they exist under suitable conditions. Wavenumber (cm™)

Table shows average % rms fitting residuals for all 27 spectra. HIT16 pa20040721sanana 043 ¢ — 39.68° Z, — 047km o, - 04270%
provides better fits than HIT12, which provides better fits than HITOS. : g* — e -
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Residual
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Spectral fits with HIT16, Voigt lineshape and neglecting LM are shown
(right) are for a low airmass Park Falls spectrum measured in July 2004.
Large residuals seen for pairs of H,O lines around 4869.6 and 4870.1 cm-!.
The maximum residuals in fits with ATM18 in this window 1n this spectrum i
i1s 1.4% (not shown) versus 7% for HIT16. 0.2856 T iser  asoe  asso a0 amri
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Fits to TCCON spectra over 7699 to 8046 cm™! with different linelists

27 ground-based TCCON spectra were fitted over this region, which contains the O, band centered at 7885 cm-!. The example
shown is a low airmass summer spectrum from Park Falls. The H,O line at 7760.7926 cm™! was pretty good in HITO8, was
over-estimated in intensity by a factor 2 in HIT12, and under-estimated by a factor 4 in HIT16. This line has never been a

problem in the ATM linelists.

Residual panels in spectral fits are y-auto-scaled: the HIT12 reaches 16%; ATMI18 reaches
only 2.5%. Table below shows average % rms fitting residuals over the 27 spectra.

7782  0.2161 0.2303 0.1738  0.2147 0.1638
7878  0.2541 0.2467 0.2366  0.2369  0.2303
7990 0.2296 0.2076 0.1787 0.1779  0.1753 ; | | ATM16
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Usefulness of types of spectra for Spectroscopy Evaluation

__Type | Pos | Cms

Laboratory - Well-known cell conditions (Length, T, b, VMR) ¢ Dim source, so narrow spectral

- VMRs up to 1 are possible coverage or poor SNR

- Large isotopic enrichments possible » [sotopic composition often uncertain
Occultation - Bright source (sun) allows simultaneous * Inhomogenous atmospheric path
MKIV Balloon coverage 650-5650 cm! at high resolution * No control over P, T, or VMR

- Wide range of P/T conditions & slant columns ¢ Strong interferences from other gases

- Solar and instrumental features removed * (CO; used to determine tangent altitude

- Very long path lengths (~500 km) so no info on absolute CO, amounts
Ground-based - Bright Source (sun) * Inhomogeneous atmospheric path
MKIV / TCCON - Broad simultaneous coverage * No Control over P/T or VMR

- Long path lengths (~100 km) * Wide regions blacked out:

- Sensitive to lineshape (e.g. width, shifts, LM) - H,0 (1350-1900; 3350-4000 cm™1)

- Accurate knowledge of column from 6 and P; - CO, (650-700; 2280-2390 cm™)

Atmospheric spectra have better-known isotopic composition than lab spectra, unless the lab samples have been
independently essayed, e.g., by mass spectrometry. For example, for atmospheric CO,, the 13C/12C ratio can be
predicted anywhere to 0.1%. Atmospheric spectra contain no information on the SBHW.

In ground-based geometry, total column is known to 0.1%, given a surface pressure measurement to 1 mbar accuracy.



Linelist Evaluation and Merging

Evaluation of linelists is relatively easy: Simply fit a bunch of high-quality spectra (lab and atmospheric) measured under
well-known (and widely-ranging) conditions using different linelists for the target gas of interest (e.g. H,O) but the same
linelist for all the other gases. Compare the RMS fits and the consistency (window-to-window) of the retrieved gas amounts.

The latest linelist (e.g. HITRAN16) nearly always has the best results overall, but there are usually regions, conditions, or
isotopes for which earlier linelists do better in terms of fitting quality or consistency of retrieved gas amounts. For example,
* Linelist A may be better than B below 4000 cm-!, but worse above.

* Linelist A may be better than B for low-pressure lab water samples, but worse at higher pressures.

* Linelist A may be better than B for natural H,O samples but worse for D-enriched lab samples.

How best to generate a new linelist that captures the best features of the predecessor linelists?

There’s a range of possibilities ranging from:

* Determine which linelist is the best overall (usually the latest), and then use that one, making no attempt to capture the
good parts/features of the other (usually earlier) linelists.

* Average the spectroscopic parameters from all linelists, using the fitting residuals as weights

* For each line, determine which linelist gives the best fits in its vicinity and copy those parameters to the new linelist. This
is “cherry-picking” on a line-by-line basis. You could also cherry-pick on a band-by-band or window-by-window basis.

Spectroscopists don’t like Cherry Picking because it damages the coherence and self-consistency of the original linelists.
Linelist users don’t like or Cherry Picking or empirical adjustments because there is no easy way to cite the resulting linelist.



Summary and Conclusions

The use of multiple spectral datasets, including lab and atmospheric, provides a more stringent test of spectroscopic linelists
than lab data alone, by exposing types of inadequacies in the spectroscopy that might not be apparent in the lab spectra.
Atmospheric spectra provide long paths (up to 500 km from balloon) and access a wide range of temperatures and pressures
(220-310 K). This is especially important for H,O whose low VP at low temperatures limits the absorber amounts in a cell.

Although atmospheric spectra provide poor absolute accuracy (~10%) because we rely on meteorological models for H,O
column, their broad bandwidth (10,000 cm™! for TCCON) confers good band-to-band precision.

The ranking of the linelists in terms of RMS and VSF varies from window to window and from dataset to dataset. Lab spectra
are generally at lower pressure than atmospheric and so the results are sensitive to line intensities, positions and, for pure gas
samples, the SBHW. Ground-based observations are relatively more sensitive to lineshape (ABHW, pressure shifts, and Line
Mixing) and to the weaker lines. Balloon measurements encounter cold temperatures and so provide a good validation of the
T-dependent spectroscopic parameters.

HIT16 water vapor spectroscopy is better than any previous linelist, mainly due to the upgrade to the HDO, which now has
many more weaker lines. So for humid conditions where weak lines are observable in atmospheric spectra, HIT16 does much
better than previous linelists, which are missing those weak HDO lines. The stronger HDO line positions in HIT16 are
empirically-based and therefore haven’t changed much since HIT12.

Although the HIT16 HDO linelist is far better than any predecessor in terms of line positions and intensities, the widths and
pressure shifts are sometimes in error by a factor 2 or more.

D-enriched lab spectra are very useful for distinguishing H,O and HDO absorption lines, which cannot be determined from lab
samples of un-enriched H,O. Ditto for H,!'30 and H,!’0O. D-enrichment generates D,O.
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Additional Comments on Methodology

In retrospect, | made a mistake by using ATM16 as the starting point for ATM18. | should have used HIT16 instead, despite it
providing worse RMS fits than HIT16. The reason is that the overall RMS fits are governed largely by the stronger lines, and
these were better in ATM16 (thanks to earlier empirical adjustments). But the weak lines were much better in HIT16 than
ATM16 (where many were missing or badly wrong), and the work involved in copying thousands of weak likes from HIT16 to
ATM18 was greater than re-fixing relatively few strong lines based on ATM16. The end result is the same, but it would have
been less work getting there.

In atmospheric composition measurement (NDACC/TCCON), the selected windows for retrievaing gases of interest (e.g.
C0O2, 03, CO, N20, CO, CH4, HF, HCI, NO, NO2, HNO3) avoid regions that may black out under humid conditions, and hence
avoid the stronger H20 lines. So it is usually the weaker H20 lines that are most relevant to NDACC, despite these lines not
having much impact on the overall rms fitting residuals.

It is important that adjacent windows be consistent in terms of the retrieved H,0 amounts, otherwise fits will be degraded
in broader regions than span multiple windows. For example, TCCON retrieves O2 from a 240 cm-1 wide region; 7765 to
8005 cm-1. This spans 3 of the windows used in this H20 evaluation.

7760.00 122.0 16 2 1 © ncbf=15 fs xo c¢cf : h2o hdo d2o
7878.00 114.0 16 2 1 © ncbf=14 fs xo0 c¢cf : h2o hdo d2o o2
7990.50 111.0 16 2 1 © ncbf=14 fs xo c¢cf : h2o hdo d2o

Without good window-to-window consistency, in parts of the fitted region, H20 lines will be too weak
causing dips in the residuals, while in other parts of the region the H20 lines will be too strong,
causing bumps in the residuals.



HITRAN 2016 paper: H,O section (1/2)

2.1. H,0 (molecule 1)

The HITRAN2016 edition has undergone a substantial revision
and expansion of the database of water vapor.

In HITRAN2012 | 1] a very large expansion of the dynamic range
of the line intensities for non-deuterated isotopologues of water
vapor was implemented, thanks to the ab initio calculations from
the BT2 line list [ 15] and, in selected spectral intervals, Lodi et al.
[ 16] for the principal isotopologue and from Lodi and Tennyson for
H,'"®0 and H;"0 [17]. The ab initio results were replaced with
high-quality experimental or-semi-empirical data wherever pos-
sible. In HITRAN2016, we have done a similar expansion of the
dynamic (and spectral) range of the singly-deuterated iso-
topologues. In addition, the D,'®0 isotopologue makes its debut in
the database. D,0 has a very low natural abundance on Earth but
is measurable in the atmospheres of other planets, notably Venus
which has an enhanced deuterium content [18] raising the im-
portance of D,0. Also, for fitting p-enriched HDO laboratory
spectra, a good D,0 line list is essential. For this reason, D,0
transitions have been included using a lower intensity cutoff of
10~*%* cm™'j(molecule.cm~?) once isotopic abundance is ac-
counted for.

A dedicated paper detailing the update of the water-vapor
dataset in HITRAN2016 along with atmospheric and laboratory
validations is planned. Here we summarize only the most im-
portant details.

2.1.1. Line positions and intensities

This update is informed by the work of an International Union
of Pure and Applied Chemistry (IUPAC) task group which produced
systematic sets of empirical energy levels (and hence transition
frequencies) for all the stable isotopologues of water [19-22]. In
HITRAN2012 non-deuterated isotopologues already benefited
from the availability of the IUPAC dataset of empirically-derived
energy levels (and transition wavenumbers derived from them),
and we extend this to the deuterated species here. However, some
important caveats of that compilation have to be noted.

a) The accuracy of some of the transitions generated from the
IUPAC set may be inferior to individual high-accuracy experi-
ments. Therefore, just like in HITRAN2012, we have given

preference to the experimental line position data from pre-
vious HITRAN editions if the uncertainty code was 5 (0.00001-
0.0001 cm ') or higher. Comparisons with atmospheric
spectra have shown that this was a correct choice.

b) The datasets constructed in Refs. [19-22] do not include
experimental data from the papers published after them.
Quite a few new levels have become available over the years
and some reassignments were in order (see for instance
Mikhailenko et al. [23] and Liu et al. [24]). We partially
updated the IUPAC datasets here. In particular, for the HD'0
and HD'®0 species, levels from Kyuberis et al. [25] were used.

from Mikhailenko et al. [23, 26] and Liu et al. [24] were used.
Unfortunately, the TUPAC and Mikhailenko et al. quantum
assignments often differ and complete matching would re-
quire a substantial amount of time in the future. An update of
the IUPAC energy levels is in progress which will endeavor to
resolve these assignment issues.

Many of the updated water vapor lines use line positions
generated from the IUPAC energy levels and theoretical transition
intensities, based on a high-accuracy ab initio dipole moment
surface [16]. The methodology developed by Lodi and Tennyson
[17] involves using several calculated line lists to identify reliable
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Fig. 1. Percentage ab initio-experimental vs. intensity for bands in the 1850-2280 em ' and 2390-4000 cm ! regions of H,'“0. The error limit of the experimental data is 1%

131}

theoretical predictions. Lodi and Tennyson’s intensity data were
used in their entirety for H2'70 and H2'®0 in HITRAN2012. Sub-
sequent measurements and analysis by Regalia et al. [27,28] gave
good agreement with these intensities. The present update relies
heavily on Lodi-Tennyson style calculations for all isotopologues,
supplemented with high-quality experimental data where avail-
able. This approach has proven to work well in application to at-
mospheric and laboratory spectra (see for instance Campargue
et al. [29] and Ponomarev et al. [30]).

Given the reliance on these theoretical intensities, it is im-
portant to understand the systematic errors which ab initio cal-
culations may show. In the same issue of this journal, Birk et al.
[31] give an extensive intercomparison of ab initio calculations
with high-quality experimental data. The experimental intensities
used in the intercomparison are all included in the HITRAN2016
update. Much of the data show agreement between ab initio and
experiment within 2%. However, for some bands, notably those
involving excitation of the stretching modes, there are larger off-
sets of up to 8% which can be attributed to systematic errors in the
ab initio dipole moment calculations. Furthermore, in the v, fun-
damental, differences show a systematic dependence on wave-
number, AK. and 4J. Other vibrational bands involving the chan-
ges in vy quanta also showed larger systematic errors. The theo-
retical calculations also have problems in predicting local re-
sonances accurately, although these resonances start to appear

00 i
6306.0 6306.5 8307.0 630756 63080
uibes

Wavenuniber (cm

Ly=  003km o~ L 6507X Sda= 168044 0.0,
T T

more frequently in the NIR part of the spectrum. The information
on systematic differences between the ab initio theory and ex-
periment for H,'°0 can be used to estimate uncertainties for
minor isotopologues for which no high-accuracy experimental
intensities are available.

An important finding of this work is that for an individual vi-
brational band an intensity-independent offset appears in gra-
phical representations of differences between experiment and
theory vs. intensity. This information can be used to validate ex-
periment as well as theory. The constant offset can also be used to
predict weak line intensities where experimental data are un-
available by scaling ab initio values.

Fig. 1| compares theory and experiment for the 1850-
2280 cm ! and 2390-4000 cm ! regions. The agreements for the
fundamental bands (001)-(000), (010){000), the overtone (020)-
(000), the hot bands (030)-(010), (020)-(010), (011)-(010), (001-
010}, (100)-(010) are all excellent, mainly within 2%. The bands
involving changes in the v, quanta, (100)-(000) and (110)-(010),
however, show large scatter and an offset around —2%. The scatter
includes the systemnatic differences of + 5% to —13%, which be-
comes obvious when plotting the differences against wavenumber
or lower-state energy and color coding AK, andfor AJ [31].

The 2016 update provides comprehensive line lists for the six
main isotopologues of water: H;'°0, H'°0, H,'’0, HD'®0, HD'*0
and HD'0, as well as the newly-added isotopologue D;'°0. The
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Fig. 2. Spectral fits to the high-H,0 Darwin (Australia) spectrum using the HITRAN2012 line list (left panel) and the new line list (right panel). The improvement in the

is due to the

of HDO lines (three in this plot) denoted by the orange trace. Note the slight change of scale in the residuals on the left and right sides.



HITRAN 2016 paper: H,O section (2/2)

HITRAN2012 database
for H,”0 and H,*0

Take MARVEL* | No
line position
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uncertainty
code 252

15 18505v<4000 cm*
or 4190sV<4340cm¥?

Is 58505V<7000 cm'?

No

Is 7000<v< 8300 em*?
and Itls nota
resonance transition?

w

Take HITRAN2012
line position

Ye:
==

No

Yes

z

Replace positions
with MiKaMo16

Yes
.
Replace
Intensities with
MiKaMol6

Replace intensities
with LED
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Fig. 4. Flow disgram for the construction of line positions and mtensities for H; "0 end H; 0. The asterisks indicate that the [UPAC levels were slightly updated in this work.

LED refers to the experimental data from Ref, |26]. See text for details.
intensity data are described below.

21.1.1. DIR experiments. An extensive work in the spectral ranges
1850-2280 cm ! and 2350-4000 cm ' was carried out by Loos
et al. |33,34] and in the range 4190-4340 cm ' by Birket al. [31],
In Fig. 3 we will refer to these, and the experiments from the same
authors that are already in HITRAN, as DLR. In Loos et al. [33,34]
line positions, intensities, sel- and air-broadened line-shape
their temperature dg dence as well as }
line coupling coefficients were d from Fourier-

dependence and self-shift parameters, as well as in some cases
self-line coupling coefficients, were retrieved from pure water-
vapor of total p up to 20 mbar. Air-broad-
ening, speed-dependence, pressure shift parameters, Dicke nar-
rowing and line-mixing coefficients as well as temperature-de-
pendence p 5 were obtained from air-broadened mea-

at ambient and total pressures from 30 to
1000 mbar as well as low and high e at
100 mbar total pressure. The intensities of lines with retrieved line
range from 3 x 10 %t 3 x 10 cm' {molecule

Transform transmittance measurements of self- and air-broadened
water vapor at 296K as well as air-broadened water vapor mea-
surements at low and high temperatures, During the analysis, &
large effort was undertaken to give consolidated error bars. In the
analysis, a multispectrum fitting approach applying a quadratic
speed-dependent hard collision mode! based on the Hartmann-
Tran profile [7,%] and extended to account for line mixing in the
Rosenkranz ficst order perturbation approximation |35] was used.
Line positions, intensities and self-broadening, seli-speed-

cm?). In the 4190-4340 cm ' region, several Fourier-Transform
transmittance spectra of pure and air-broadened water vapor at

HITRAN2012 for transitions with
107855 > 10 cm/molecule
(lower below 2000 cm™)

For S > 1072 Lodiet al line list,
supplemented with MARVEL
line positions

Is § < 10" cm/molecule

Take HITRAN2012 line
= position and
Intensities

Yes

Is 1850<v<4340 cm*?

Replace intensities
with DLR when

bl

Making sure no
duplications

Is 5850<v<7000
cm?

Is HITRAN line
position uncertainty
code 257

Ygs

\ 4

Take HITRAN2012
line position

No

Is 7000sv< 8340
cmt?

y

Replace intensities and
positions with MiKaMo16

Y

Write corresponding

line positions and

/J
intensities into

/' HITRAN2016

Fig. 3. Flow diagram for the construction of line positions and intensities for H,'°0 below 8340 tm 7, See text for details.

use of variational calculations to provide the underlying line lists

296K as well as low and high ures were d and
analyzed by Birk et al {31]. These measurements were dedicated
to water vapor parameters to be used in TROPOMI{S5-P [36] re-
trievals. The analysis was also based on a muhlspec(mm fit usmg
the HT profile. Line positions, intensities, self- and air-broad

the completeness of the lists for the intensity cutoff
employed. This completeness leads to a significant expansion of
the number of important transitions of the deuterared iso-
mpulogues into the NIR (near infrared) negton These line lists are

line-shape parameters including speed-dependence and Dicke
narrowing parameters as well as their temperature dependence

d and analyzed in articles published in this issue |25|.
Fxg 2 shows an example where atmospheric retrieval from a Total
Carbon Column Observing Network (TCCON) [32] spectrum

benefits from inclusion of HDO lines in the NIR. It is also importan
to note a significant increase in coverage for HD'0 and HD'(
which were poorly represented in previous HITRAN releases.
The variational (calculated) intensities described above wen
then replaced with intensities from available high-quality experi
ments, many of which were already in the HITRAN2012 database
The details will be given in a dedicated paper, but some of th
experiments that represent a substantial bulk of new experimenta

were retrieved in the analysis.

21.1.2. MiKaMo16 expenmenml set. Recently, Mikhailenko et al
[23] have ¢ iled of in 5850-
8340 ecm ™' region [mm the Grenoble-Tomsk collaboration re-
ported in Refs. [37-41| supplemented with measurements from
Sironneau and Hodges [42] and for strong lines from Toth [43] and
for very weak lines from ab initio work of Partridge and Schwenke
[44,45]. This database is here referred to as MiKaMo16. Un-
fortunately, due to some differences in assignments with the
variational Lodi-Tennyson-like line lists described above, it was
hard to take full advantage of this line list. However, tests against
TCCON spectra have shown that this line list is superior to any
other line list in the region of 7000-8340 cm ™', It was therefore
used in HITRAN2016 in that region as is almost everywhere in this
spectral region. This, however, creates some consistency issues
with assignments of energy levels throughout the database, but
substantial improvement of atmospheric retrievals justifies this
approach.

As examples of the complexity of the update, Figs. 3 and 4 show
the flow diagrams of the construction of position-intensity line
lists of the principal isotopologue (only up to 8340 cm~' for
simplicity) and for H,'0/H, 70 respectively. Note that the line list
from Lodi et al. [16] for the principal isotopologue is limited to
102 cm*{(molecule cm 2); therefore intensities for weaker
lines still originate from HITRAN2012/BT2.

Whenever a rotational quantum number could not be de-
termined unambiguously, the index of symmetry (1, 2, 3, and 4 as
defined in the BT2 work |15]) accompanied with a negative sign
was used. Note that 1 and 2 indicate para states, whereas 3 and
4 indicate ortho states. For the case of unassigned vibrational
quanta, a “-2" label has been adopted.

212. Line-shape parameters for the H,™0, H,"*0 and H,'70 line lists

The air-broadened half widths (in Voigt profile formalism) for
the first three isotopologues of water in HITRAN200S and, with
some modifications, in HITRAN2012 were derived using the pro-
cedure "Diet” described by Gordon et al [46]. This procedure
continues to be used in this edition with experimental outliers
identified and removed. One notable example is the removal of a
large portion of the half widths measured in Jenouvrier et al. 47|
from the experimental data that feeds the “Diet". Indeed, some of
the recent evaluations of atmospheric spectra showed that many
data in Jenovrier et al. are questionable (see for instance Armante
et al. [48]). However, although the removal of this extensive da-
taset from the updated Gordon et al. [46] procedure, as was done
in the GEISA database (49| and the MiKaMo16 linelist, have im-
proved the residuals in some of the lines, some of the residuals
became worse than in HITRAN2012. The main problem here is due
to the fact that, while there are definite outliers in the values re-
ported in Jenouvrier et al. [47], it is the most extensive study of the
air-broadened line widths in the 4200-6600 cm ' region. In fact,
for many transitions no other measurements exist. Removal of
these ments from the ntal dataset has invoked
the use of the approximations of different levels (some are very
crude) from the work of Jacquemart et al. (50| for many of the
transitions. The only solution in this case was to filter the Je-
nouvrier et al. dataset. This was done through direct comparisons
with the TCCON spectra for some of the transitions and cross-
comparison with similar rotational transitions but from other
bands, accounting for vibrational dependence from Eq. {1) of Jac-
quemart et al, [50]. After this filtering procedure, about 1400
measurements {out of almost 5000) from Jenouvrier et al. [47]
were retained.

It is also important to emphasize that measurements by Birk
and Wagner [51] in the v, band region were given a priority and

were written into the database directly as was done in
HITRAN2012.

Since the modeling of water vapor absorption lines using a
Voigt model is no longer sufficient in many applications and the
HT profile provides considerably higher accuracy, experimental HT
profile parameters of Birk et al. and Loos et al. [31,33,34] in the
spectral ranges 1850-2280 cm~', 2390-4000 cm~' and 4190~
4340 cm ' were accommodated wherever possible. The experi-
ments and analysis procedures applied are described briefly in
Section 2.1.1.

2.1.3. Line-shape p s for the d d i !

The addition of the line-shape parameters for D;0 follows a
similar procedure as the other isotopologues; however, the avail-
able data for air-broadening of D;0 are considerably less complete
than for the other isotopologues. There are some measurements
for air-broadening of D;0 [32-55] as well as Complex Robert-Bo-
namy calculations [56]. These data amount to several hundred
lines from the measured data and just over 550 lines from the
theoretical calculations. Using these data, average values as a
function of J* were determined and extrapolation to J'= 50 was
done using a third-order polynomial fit.

Using these data, the half widths and some line shifts have
been added to the D,0 lines in the database using a priority
scheme, First, the measured values were added; if the measure-
ment did not exist for the transition in question, the theoretical
value was used. If neither exists, the J-averaged value was used.
This algorithm allowed half widths to be added to all D0 lines in
the HITRAN darabase.

For self-broadening parameters of D;0, the work of Gamache
etal. [57| was used. These data are an extensive set of calculations
for D0 rotational band transitions extended to 6536 lines using
the partner transition rule [58]. Using these data, 2 set of [-aver-
aged half widths was determined for | = 0-50 [57]. These data
have been added to the algorithm that adds line-shape data to the
water lines in the HITRAN database.

2.14. Future plans

Recently, Lampel et al. [55] have identified important absorp-
tion features in atmospheric spectra due to water vibration-rota-
tion transitions in the near ultraviolet around 363 nm. Laboratory
measurements of water vibration-rotation transition intensities
only extend o 25470 cm ' (393 nm) [60] although multiphoton
spectra do provide some information on energy levels in the re-
gion of question [61,62]. Future updates will look to extend cov-
erage to water absorption in the near ultraviolet; these data are
important for upcoming satellite missions, including TEMPO 63|
which will record spectra at these wavelengths.

At the intensity limit assumed for D,'®0, the even rarer iso-
topologues D,'70 and D,'*0 should also be visible. Line lists for
these two species have also been prepared as part of the work on
deuterated water in Ref. [25]; these data will be added in the
forthcoming updates to HITRAN2016.

We will be pepulating the database of the HT line-shape
parameters after evaluating existing literature values and new
measurements as they become available.

2.2. C0z (molecule 2)

Accurate and comprehensive line lists for all naturally abun-
dant isotopologues of carbon dioxide are required by remote-
sensing missions dedicated to monitor the concentration of carbon
dioxide in Earth’s atmosphere. The recently launched 0C0-2
mission [64-66), together with several other space and ground
hased projects (GOSAT [67], AIRS [68], ASCENDS [69], TCCON [32],
NDACC |70]) are dedicated to explicitly monitor the atmospheric
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Appendix: D,0 Linelist Anomalies

The HITRAN 2016 D,O0 linelist was evaluated using D-enriched Kitt Peak lab spectra, acquired primarily for HDO purposes.
Large residuals in D,0 bands, which scale with the other D,0 lines, fall into one of four categories:
1) Position error of singlet line. This is the easiest to fix. Simply adjust the line position.

2) Doublet (two lines with identical positions and with intensities in a 2:1 ratio) is not split in HIRAN16. This is fixed by
moving one line to the left and the other to the right.

3) Missing absorption line with no D,0 lines in the vicinity. Added fake line labeled “GCT fudge”.

4) Found 293 instances of duplicated lines: two identical lines (including guantum numbers) causing a factor 2 too much
absorption. Deleting one of the two lines completely fixes the bump in the residual.

Examples of D,0O-related residuals are shown n the following slides.



970325R0.003 ¢ = 38.60° Z; = 0.00km o, = 1.2089% 970325R0.004 ¢ = 60.11° Z; = 0.00km 0, = 1.4201%
I T T T UL T

T 04fF Jﬁ\ ‘ ‘ 7 - QeF — R =
L . Zoosr i ER P AN -
8 examples of D,0 doublets with intensities g9 Yy 5 gar NN/ ]
. . . .. 1.0 e WAy ol ~=4h20 M71:o"i”;‘»ﬂ”“;l;‘,f”‘f e h2o
in a 2:1 ratio, which have the same position i Bl : ] W :
M | | | 4
. . . . . i . 1 08k ]
in the HIT16 linelist, but not in reality. o OO - 1 . Jotter
. . cOo o L 4
E [ Jother g 0.6 —
= [ ] b=t F |
. é 0.67 7 g r ‘ ]
In each case the stronger of the two lines has gl | S o4l :
L E = L \l B
b d he righ d th ker li “r ] g | ’
to be moved to the rg t, and the weaker line — 1 0.2 ]
to the left L ‘ ‘ ‘ i 0ol ‘ ‘ ]
22325 2233.0 2233.5 2234.0 2443.4 24435 2443.6 2443.7
Wavenumber (cm™') Wavenumber (cm™")
970325H0.004 ¥ = 60.11° Z = 0.00km 0., = 0.8898% 970325R0.004 1y = 60.11° Z; = 0.00km 0,,, = 0.9330%
M M M rms N ° — T T T T
5 gk 3 % 00F VA ]
] :8%: m S R L L L 7
e 020, 1.0 i = —_— — AN 20
Lo Vali - Anee [ R S ]
[ ] 08 J‘ n
O‘Sj N ° [ | Jother
o L Jother 3] [ | ]
b q (!
& r . 5 06 | 7
8 06 B = Il ]
Z [ 1 E [ || 1
g 8 5 041 “ s
§ o4r ] & [ ]
= r ] 02l i ]
02 - r ]
r ] 0ol L L ‘ J
0.0 L1 ! 5 ! ! 2459.1 2459.2 2459.3 2459.4
970325R0.003 ¥ = 38.60° Z, = 0.00km 0, = 1.4100% ~ 29PIYRO024 Y7 §676° Zr 50, 00km  gppy 7 50.7186% Wavenumber (cm™")
5 §27 R A e i 1 5 04 T Wavenurfher (cm™) " ] B71209R0.021 ¥ = 78.91° Z, = 0.00km o, = 2.3187%
2 02b AN . ° 00 -~ Vs ERE
% ,g;gf ~ ~7 ] 8 84F V | 5 80
R X T n e L = g -01
1OF A “h2o 1'0: i R A i: AT i :hzo = 7(1):3
0.8 L 1 i 08 L n other [ ]
[ ] [ i 0.8~ -
© [ Jother I i .| i © r Jother
g r 1 g L f e | i
206 7 Z 06 8 5 o6 *
= [ ] E Tt : 200 ]
g 0.4 ] © ; 1 § 041 7
& [ ] = 0.47 7, i [ ]
oz . [ ] 0.2} ,:
[ ] 0.2 - r ]
ool L L L] d . L A 3 0.0 ‘ ‘ ‘ ‘ ‘ ‘ L]
5507.00 9507 10 950720 9507 30 2680.4 2680.6 2680.8 2773.0 2773.1 27732 R2773.3 R2773.4 2773.5 2773.6
: : : : Wavenumber (cm™) Wavenumber (cm™')

Wavenumber (cm™})



970325R0.003

¥ = 38.60° 7,

0.00km

Six Examples of D,0 singlet position errors

a

= 0.4687%

Wavenumber (cm™)

Wavenumber (cm™!)

Wavenumber (ecm™)

= rms ; 970325R0.003 ¢ = 38.60° Z, = 0.00km o0, = 1.0767% 970325R0.006 ¢ =132.41° Z, = 0.00km 0,., = 1.3449%
= N T~ g4 S G S S L e - S L. L S
3 0.1 o] L | ©
—4 ~ s o AU - E
0 —0.11 \/ 1 0 -0.2r- 10 =
e T e e — — — %) 704 SRS T T T S TS N ST ST ST S S T T ST SO ST R S ST TS T S S ST ST S SO S S SO S WY ST ‘ﬁé -
1.0 IR ST * h<o 170 o T A B 00 1.0
I v . il F Y M \ b
I | . i - ’ & ] 0.8
o F B 0] L . | i [
& | ACO g ° \‘ co g
g i | i
3 | v Aothgr I . {‘ | TJothgr 0.6
— -0: N -‘:
£ 06 7 E o6l \/ 1 E
C: r N 7] L “‘ . n
© L 1 & S\ g 04
= : S - . 108
= = B = L m =
0.4 - L i
I 1 04r 1 0.2
I L s e o L ] L L vy Lovw v vy Loy Lo v 00y T 0.0 n
2222.3 _222.4 22R25 - 22226 RRRR.7 22437 2243.8 2243.9 2244.0 22441 2332.8 2332.9 2333.0 2333.1
Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™')
871209R0.021 = 78.91° Z, = 0.00km o, = 2.7056% - o7 _ -
970325R0.004 ¢ = 60.11° Z; = 0.00km  0pp, = 1.6081% _ 7IZ09R0021 Y = 78591 7y - 000km Om, = 270S6% B71209R0.021 ¢ = 78917 Zy =  0.00km  0pm, = 27056%
— LA S s s e s s s s B s B B P —] © 6 -]
© . =) = /\L 1 3 4 =
% 2 VAN Jz Eg e a0 7 _ROF B
o “gal- e -0 [ R R .- et s S )
® -06b . Uy 1T 1.0 T - 1Th20 1.0 o
1.0 Pt b vt —— —=4h2o = | YA CTTN S
i Vo [ / ] - .
i . * *‘ 15708 . 0.8
0.8[ . | [Tone - ‘5
. i . Jot8er | | +/ Jothe® r | |
Q L 1 < || %4 c L | |
P S 06l | "] | | v | < | |
S 061 . 1 L | ' I
2 | . I 15 | “t 1 1Bt It
L ° i i E - | || 4 \/ g n L 1
o S 04F | Ll 1] * - g
S 041 -~ &0 u " S 0.4
- 4 B * | 7 - \!
& r 1 i 41 A : 1 = F [
[ , - r 11 1| :" q [ °
0.2 o 2 || ] 0.2~
OO: g T O T S S S R :1111
“““ S S S S S S S S S S S S T S S S S SO ST SO SR S |
‘ 2873.8 2874.0 28742 28744 28746 28748 2875.0
5435 3 5435 4 0435 5 5435 8 2898.6 2898.8 2899.0 2899.2 28994 2899.6

co?l

n2o
oth

—h2c

ch4
oth



Residual

Residual

Transmittance

Transmittance

Six More Examples of singlet position errors

970325R0.003 ¢ = 38.60° Z, = 0.00km o, = 1.0046%
Qo ettt [ et ]
0.1 } \ -

0.0 ===
0.1 -
02 L 1 1 .
1.0 : . h2o0
0.8 - ‘f -
5! ‘b =
¥ . » =
06H | ° 4 N
L b 3 N
04 ') J p
0.2} H
0.0 = “-'J’ 1 ."sr.;...‘. ) ' ' r—-_
1462.5 1462.8 1462.7 1462.8 1462.9
Wavenumber (cm™)
970325R0.004 v = 60.11° Z, = 0.00km o, = 1.8478%
————— e ———
= A 4 %
= T .
. [ — n
G il P T ISR L U R P IR &
10 Vk 'A\Vf’ ".\0 XG‘VLAVLJ J‘v r T "“:;/\:y 'h " ,\“ '"7 | B LA | “A'A.L.kv-]. hzo
i .’ 1“7 4 e 11 “; | ‘\‘r | ]
i ° ‘H .. ““ “‘ 18 {“' ]
. |
0.8 . *"“* | 7
i ' “L“ - 1 | | Jother
|
r i | ! ]
0.6 ”m (I .
L s . | H S N
- 1 :
i [ ]
0.4 AR o
L j{“ . b
L | ]
02+ J ]
OO L Il n P PR | - PR | I P PR | L | I P 1
2426.2 2426.4 2426.6 2426.8 2427.0 2427.2 2427.4 2427.6

Wavenumber (cm™')

970,32530'905‘ Y = 94707 2 — 0.00km Frms 36775%  G7082bR0.006 Y =1832.41° Zy = 0.00Km 0., = 1.4702%
0.5 E —04F T T T T T T T T T T T T T T -
e, A S 0.2 [~ —
0.0 R ' = Joo v A v
050 e Q 0.2 — 1 1 1 m
T T T T ==} (s 1 1 1 1 1 1 1 I I I I I -
1.0 i Y A%% ' 1 7 ORI T §eoR
P, - i no H 1
¢ B { 1
; I g I B I ]
30.8— 14 —
{n=or E‘ (| In20
ol b \ E
g%othzr | s ~othe
3 jo6f “ I .
| © i ( |
-*é“ L [ (i ]
7 ]
gio 4 ; “ ‘l‘, ;
@ |77 1 |
~ I
=4 L . b
. Jozfk N
" " " " 1 ] [ N
2367.5 2368.0 2368.5 0.0 e ‘ =
’ § —1 ' 2392.0 2392.5 2393.0
Wavenumber (cm™") .
Wavenumber (cm™)
970325R0.004 ¥ = 60.11° Z, = 0.00km o, = 0.9808% 871209R0.021 4 = 78.91° Z; = 0.00km 0, = 2.7056%
0.2 %V T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T , [— T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ —
0.1 .
0.0 . .
—01F :ﬁ-
R _TU.
1.0 e = Sested (P et h2o0
0.8 9.8
© i o otk ch4
g r 8 1 other
g 0.6 B g 0.6
E 0 E 1
72} I g -
§ 04 © 0.4 —
& r s 4
& i =
0.2 02F n
oolL....... [ L I ok R P T B NI L1 o
2451.4 2451.5 2451.6 2451.7 2915.2 29154 2915.6 2915.8 2916.0 2916.2

Wavenumber (cm™)

Wavenumber (ecm™)



Wavenumber (cm™')

2891.0 2891.2 2891.4
Wavenumber (cm™')

2891.6

970325R0.006 ¢ =132.41° Z, = 0.00km o¢,,, = 2.3523% 970325R0.006 ¥ —13241° Z, = 0.00km o0, = 2.3556%
= Y e e e e e e e M | f 5 04F 7 T A T ==
3 02F |8 . ore exampies o 5 ozt A 5
E 0.0 w—-.-‘r-w o e = - 00 N R b e
E :8-% : : i H i : [ ] & :gi — ) ) | i i =

1o .. D,0 position errors wﬁ iheo
- _.'I L :\ y -
" E 1 4 - - b i 4d2
B I _ 1 H {420 0.8} i -
0.8 N ll ” | f;. hT-'htflT o I lother
o - }f _ ¢l ( Jother g : -
9 -l J | { ;lf:' | 3 o8| ]
goe [ | H ] z [ ]
2 [ 1 ! : L] I g f ]
E 1 |1 ] g 04F ~
E 04 I I 1 l . £ ;
L | i A i :
S “{ %1-: | i 0.2f -
o8 b . l*l ! o ! "
I 1 * | 87IR09R0.020 ¥ = 66.71° Z; = 0.00km o0,,, = 1.0183% 0oL . . - P
gl o @ L U : S - i AR BAARRARRE ARARRAARN BAARRRARE ARRARARRS T /\“ """"" 1462.0 14625 1463.0 1463.5
= OT =
1400.0 1400.5 14010 T 00— e Wavenumber (cm™)
Wavenumber (cm™) Lt s, s, s, N s, o N
o 1 % e h2o

87120I9RO.021 I ’l// = 789I1 ZT = I 0.00km I Orms — 2;7056 0l 871209R0.021 ,¢ = 78.91° ZT — 0.00km O = 2 7056%
= B8F" T T T T T T d2o T 7 T [ [ T
3 2L hzco Q4 — =
% _E: - 5 0.8 “lother E:g_

v —Qar- 0 o b “Halk
r —-0.6C [ = T E —-06O A
1.0 fﬂ %éihZO | 1.0 B o
L £ 0.6 _ i
- é :dEO - :
0.8 S o ] o8
9 i 044 4 o i
=] - Llother | 8 -
% 0.6~ i 1 g 0.6
2 - 2762.4 2762.5 R2762.6 27627 2762.8 27629 2763.0 2?63.1% .
s 0.4 - Wavenumber (cm™") g 04+ -
~ & .
B B N = - R
0.2 __ __ 0.2 — —]
: Il L L Il L L Il L L L Il L L Il L L L Il L : :. N L N N N L N N N L N N N L N N N L N N N L :
2882.6 2882.8 28830 28832 28834 2883.6 2890.8

2891.8



Residual

Residual

Transmittance

Transmittance

970325R0.006 ¥ =132.41° Z, = 0.00km o, = 0.8368%
0AF TT T e
0.2 _
0.0 v v o
0.2 _
(O I T JU N R L
1.0 /e = ~ «\"hﬁﬁv--

< 11
R 1 i
i | i
08 | % .
0.6~ _
i W} w 1
0.4 w ‘ ]
i \ | ‘l ]
0.2 # _
j l ]
L ] + 4
S S S S S S S S S S S S S S S S W't | S S S
2241 2242 2243 2244
Wavenumber (em™)

970325R0.006 ¢ =132.41° Z, = 0.00km o, = 1.5676%
o4F T T T T ———T
021 .
0.0 o -

0.2 u —

040 1 . 1 . . . 1 [

10 : — : = :

0.8 U

0.6 —

0.4 —

0.2 —

0.0 N -
2314.5 2315.0 2315.5

Wavenumber (ecm™")

Residual

Transmittance

Missing D,0 lines:
2200-2600 cm-17?

Residual

Transmittance

S e N el e
-05— | 1 1 PR | PRI R l—
1.0 oo "' - " .;: ‘ '/_'120
ool | M b W* ﬁ?ﬁﬁ =
: p; [ e f 3 ||
L ] { 1 “ i . | ivﬂ 1' 'tot.hen
S 1 RN
A M ke
“BOER N e
o,o_}’:".ﬁ. . .#L.g. il

1207.0 12907.5

Wavenumber (cm™)

1208.0 12085 1299.0 12085 1300.0

1.6338%

Grms =

— a

| R
F —————Cco2
Tng2o

“other

= 1 1 " " " " 1 " " ;

2308.0 2308.5 2309.0 2309.5
Wavenumber (cm™")

970325R0.003 v = 38.60° Z; = 0.00km o, = 1.1159%

é*‘ L o I e e e O
Eé L R R Yi R B B
s aamn o 2 e 2 e Tk

i S H :dZo
0.8 X =

i Jothe
0.6~ - .

i . ]
0.4 |
02 | .

0.0 L - M P N H N E R S ]

2571.0 2571.5 2572.0 2572.5 2573.0 2573.5

Wavenumber (cm™')



970325R0.006
R

¥ =13241° Z, =

0.00km o,

= 6.0554%

T o05F ' o ' e
T 0.0 frwm— e a2 oe
w
é _05 -. P 1 | BT " PRSI B T | |_.
o8 | fi | f‘ 'ﬁz
g | } 1| 'E
o i }
5 08 TR I H
g | 1 I
m | |
g 04 J
= ! = '
- S ‘ ! 1
0.2 { I j‘
: [ . po2ll
0.0DI Ab. 2 1 & s 4 1 Ikl li 1 2-=%% o a2 ‘1 ‘2 hn 1 ] 1 i i
1207.0 1207.5 12908.0 12085 1299.0 12005 1300.0
Wavenumber (cm™)
970325R0.006 ¥ =132.41° Z, = 0.00km o0, = 4.6465%
§ o T - T T T T T o ]
fg 0.0 i
& -0'5.— | | 1 1 7
10—

0.8

Transmittance
o
o
I I- '._.I._LvL‘-WM ' K
"‘9—‘%

o
(@]

L L | T
i

L4

h20

<fid20
ico2

hen
other

1338.0

1336.5
Wavenumber (em™)

1337.0

1337.5

Missing D,0 lines:

1200-1500 cm1

Residual

Transmittance

Residual

Transmittance

970325R0.008 vy =132.41° Z, =

0.5
0.0

—0.5

1.0

0.8

4F" | - ;
_gg [ r— Braating ey v ﬂ-"_
—0:4-1' PR R | 1 1 | PR | .
1.0 . i ¥ v T~ 7 h2o
Rl T3 1 f alfl ¢ hc
[ 1| ’. F ] %r &4 Ii J l { g’ ll:'_ofl;‘er
ool 1l E 8l % 3} 1. |4
osf gwu /R R
I S1 SN B (-
o £l } i
0.0 I i _l_f\i.%. A @ o g B ooy e gy 3o .. PR e L1 ]
1413.0 14135 14140 14145 14150 14155 14160

0.00km 0, = 4.6485%

-

13415

970325R0.008 ¥

=132.41° Z, =

1342.0
Wavenumber (cm™')

0.00km o, = 2.3528%
——— e

Wavenumber (cm™)




Residual

Residual

Transmittance

Transmittance

|l
= 0000
[SRN MY SEN

9
0.4
0.2
0.0
-0.2
-0.4
1.0

0.8

0.6

0.4

0.2

97032

0.8

0.6

0.4

0.2

0.0

70325R0.006

¥ =132.41° Z, =

0.00km o

T

e = 0.8368%

=

T

vvvvvvvvv T

— T

LI B

T

T T T

“““

5R0.006 ¢ =1

2242

2243
Wavenumber (em™)

32.41° Z, = 0.00km o0, =
LI A B T

1.5676%

T

T

coR

n<o
other

R |

|

I

2315.0
Wavenumber (ecm™")

2315.5

Missing D,0 lines 2200-2600

Residual

Transmittance

0.8

0.6

0.4

0.2

0.0

Residual

Transmittance

70325R0.006

¥ =132.41° 7, =

0.00km o

ms = 1.6338%

T

T T

T T T T

T T T

~v

| L L

T T T

T T T

Il L L L Il

2308.5

co?l

n<o
other

2308.0 2309.0 2309.5
Wavenumber (cm™")
970325R0.003 ¢ = 38.60° Z, = 0.00km o, = 1.1159%
% I e e A e e R ERE
gé I E N B Vx R B B
1.0 A Tl fﬂj{ ;,i{-“ R 1‘;: -ﬁ(‘a&ar \w{:‘:"m,,{"“, ‘”ﬁ,—-‘*‘ﬁm ipih2o

L Oy #‘“’ L : ‘“'1} b ]

L . i
0.8 [ : b 7

i J\L | Jothe

L | . 1 1
0.6 : : -

[ \{ -

i . ]
04 ) ]
o2 . .
0.0 L - M P T S [ S ]

2571.0 2571.5 2572.0 2572.5 2573.0 2573.5

Wavenumber (cm™')



Residual

= OLOR0
o .um:m-h &

Examples of mis-positioned
D,0 lines in the region of the
7885 cm™ O, band.

©
©

<
=]

Transmittance
e ©
(=] -2

o
o

o
>

0.00km

Orms = 1.4535%

7961
Wavenumber (cm™)

Residual

850214R0.015 ¢ = 47.81° Z, = 0.00km o0, = 1.4535%
0.4 T T T e e L pr—y——r—1
0.2
0.0
-0.2
_0-4 i L L 1 I 2
T o e e e S ey e e R
é i , ,*.l ;‘ ;I o _- " . r, ] | B | E ‘: " ]! “1
| b ! R theu
| * ’ 1 i 4
u 0 B g 4 | 1 -J 3 i B i =
- i | 1l e ] F K,
3 0.7 = * 1t ’
E all l " 1 )
g 0.6 i * ’ ! | !
h : *
0.5F [ | i
04F “ i 1
Ly PRI (N TR ST T TR N T THNT S TR MY N SHNT ST T SN T T TN S NS T S SN SR |
7960 7965 7970 7975 7980 7985 7890

Wavenumber (em™}



