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Various	CO2 linelists including	HITRAN	2008,	2012,	and 2016	(two	versions),	have	been	evaluated	by	fitting	
lab	(mainly	Kitt Peak)	and	atmospheric	solar	absorption	(MkIV & TCCON)	spectra.	

The	600-7000	cm-1 region	was	divided	into	40	windows,	most	encompassing	at	least	one	complete	CO2
absorption	band	or	a	sub-branch.		Regions	with	no	discernable	CO2 absorption	were	skipped.

RMS	fitting	residuals	and	retrieved	CO2 amounts	for	each	of	the	40	windows	are	compared	among	linelists.

Only	the	CO2 linelist is	changed.	For	all	other	gases	ATM_2016	is	used,	after	extracting	all	the	CO2 lines.	So	any	
difference	in	the	RMS	or	the	retrieved	CO2 amounts	is	entirely	attributable	to	the	CO2 linelist.

A	new	“greatest	hits”	linelist (ATM18)	was	developed	by	merging	the	best	predecessor	linelists.	Also	some	
manual	adjustments	were	performed	to	remove	obvious	position	errors	and	inconsistencies.



The Linelists Evaluated
HITRAN	2008:	314,919	lines

HITRAN	2012:	471,847	lines

ATM	2016:	450,493	lines
Based	mainly	HITRAN	2012.	Uses	Toth (2009)	for	the	5740-6500	cm-1 region	because	it	gave	better	fits	(and	still	
does).	Empirical	adjustments	throughout.

HITRAN	2016a:	554,183	lines
Based	on	files	the	linelist that	Iouli Gordon	sent	me	June	27,	2017	(O2_hit16_first-9iso)	and	on	June	30,	2017	
(hit838corr).	Before	using,	I	fixed	19	lines	with	ABHW=0	and	one	with	an	intensity	of	zero.

HITRAN	2016b:	554,879	lines
Downloaded	from	HITRAN-Online	website	on	Nov	28,	2017	(5a1de32a.par).	Includes	isotopologs 11	&	12.		A
format	of	“f5.3”	had	been	enforced	for	SBHW,	which	has	changed	for	some	lines	that	were	previously	“f5.4”,	e.g.
25 3.681760	1.943E-33	1.457e-12.0865.1155 in	HIT16a
became
25 3.681760	1.943E-33	1.457e-12.08650.116 in	HIT16b

ATM	2018: 523,221	lines	(new	linelist)
Mostly	HITRAN	2018b,	except	in	regions	where	ATM	2016	or	HITRAN	2008	were	better.



Laboratory Spectra of CO2

137	spectra	from	Kitt Peak	and	13	from	JPL	(via	Keeyoon Sung)

All	at	room	temperature	except	for	one	at	235K.

Pressures	from	0.1	to	700	Torr.

23	Kitt Peak	spectra	are	enriched	in	13C,	giving	the	lab	spectra	a	much	higher	sensitivity	to	spectroscopic	

errors	in	isotopologs 2,	5,	6,	10,	11,	12,	than	atmospheric	spectra.

Spectral	coverage	from	600	to	12,000	cm-1, although	we	only	investigate	600	to	7000	cm-1 in	this	evaluation.

Of	the	6000	potential	spectral	fits	(40	windows	x	150	spectra),	only	1813	(30.6%)	could	actually	be	

performed	due	to	the	limited	spectral	coverage	of	the	individual	spectra.

This	makes	it	difficult	to	compare	intensities	measured	at	low	wavenumbers	with	those	from	high	

wavenumbers	because	these	are	never	in	the	same	spectrum.



Center Width MIT A I F NCBF Gases to fit Isobar Smax Stot Sbar ABHWbar E"bar
693.50 49.40 20 1 1 0 10 : co2 h2o 1.01 1.707E-19 2.929E-18 1.051E-19 0.0740 335.3
754.50 65.50 20 1 1 0 10 : co2 h2o 1.01 2.965E-21 4.756E-20 1.829E-21 0.0742 998.8
827.20 68.60 20 1 1 0 15 :  co2 h2o 1.01 1.570E-23 2.546E-22 9.940E-24 0.0743 1597.6
925.00 72.10 20 1 1 0 8 : co2 h2o 1.03 2.147E-23 3.348E-22 1.336E-23 0.0745 1686.9
980.00 42.10 20 1 1 0 5 : co2 h2o nh3 1.01 2.244E-23 3.086E-22 1.605E-23 0.0744 1586.3
1056.40 93.80 20 1 1 0 9 : co2 h2o 1.02 3.461E-23 9.952E-22 2.225E-23 0.0745 1553.0
1239.50 40.60 20 1 1 0 5 : co2 h2o 3.05 5.651E-25 1.801E-23 3.594E-25 0.0745 274.2
1280.60 39.80 20 1 1 0 5 : co2 h2o ch4  3.07 5.996E-25 1.806E-23 4.081E-25 0.0741 216.9
1367.40 51.80 20 1 1 0 5 : co2 h2o ch4  3.07 6.561E-25 3.536E-23 4.497E-25 0.0753 196.2
1857.40 16.50 20 1 1 0 4 : co2 h2o 1.13 5.761E-25 6.328E-24 4.282E-25 0.0691 1101.4
1906.50 71.00 20 1 1 0 5 : co2 h2o 1.02 2.789E-23 6.322E-22 1.539E-23 0.0726 359.6
1958.00 28.60 20 1 1 0 5 : co2 h2o 1.01 3.045E-24 3.545E-23 2.205E-24 0.0685 595.2
1982.50 17.00 20 1 1 0 4 : co2 h2o 1.13 9.520E-25 5.430E-24 4.171E-25 0.0673 1196.4
2082.00 178.00 20 1 1 0 5 :  co2 h2o co n2o 1.02 2.017E-22 6.184E-21 1.062E-22 0.0737 378.0
2299.00 202.00 20 1 1 0 5 : co2 h2o n2o co ch4  1.02 3.542E-18 1.012E-16 2.294E-18 0.0749 261.1
2432.00 67.00 20 1 1 0 7 : co2 n2o ch4 1.03 2.499E-24 6.402E-23 1.798E-24 0.0754 1469.9
2502.00 70.00 20 1 1 0 4 : co2 n2o hdo ch4 2.95 2.547E-25 1.508E-23 1.653E-25 0.0744 304.7
2601.00 96.00 20 1 1 0 5 : co2 n2o hdo ch4 3.05 4.210E-25 2.491E-23 2.698E-25 0.0745 250.8
2760.00 62.00 20 1 1 0 4 : co2 h2o hdo n2o ch4 3.05 6.336E-26 3.579E-24 4.224E-26 0.0748 213.7
3155.00 42.00 20 1 1 0 5 : co2 h2o n2o ch4 1.03 3.090E-25 5.115E-24 1.895E-25 0.0701 530.9
3207.00 50.00 20 1 1 0 5 : co2 h2o n2o 1.00 5.059E-25 7.592E-24 3.531E-25 0.0704 419.7
3309.00 49.00 20 1 1 0 5 : co2 h2o n2o 1.05 1.711E-24 2.793E-23 1.016E-24 0.0696 580.3
3364.00 52.00 20 1 1 0 5 : co2 h2o n2o 1.00 4.951E-24 8.645E-23 3.016E-24 0.0713 422.2
3496.30 62.60 20 1 1 0 5 : co2 h2o n2o 1.95 2.088E-22 4.161E-21 1.049E-22 0.0741 574.8
3548.85 42.50 20 1 1 0 5 : co2 h2o n2o 1.21 2.200E-21 4.365E-20 8.405E-22 0.0718 925.2
3618.50 97.20 20 1 1 0 5 : co2 h2o 1.03 3.835E-20 1.077E-18 2.525E-20 0.0750 242.1
3712.60 93.20 20 1 1 0 5 : co2 h2o 1.01 5.851E-20 1.640E-18 3.828E-20 0.0751 259.1
3811.00 74.00 20 1 1 0 5 : co2 h2o 1.03 2.299E-24 5.983E-23 1.589E-24 0.0753 1480.4
3872.00 32.00 20 1 1 0 5 : co2 h2o 1.88 3.703E-26 1.858E-24 2.257E-26 0.0750 1310.5
3992.00 82.00 20 1 1 0 5 : co2 h2o 1.22 2.389E-25 6.206E-24 1.145E-25 0.0712 1017.9
4622.00 83.00 20 1 1 0 5 : co2 n2o 2.81 2.753E-25 1.867E-23 1.619E-25 0.0744 291.8
4812.00 184.00 20 1 1 0 6 : co2 n2o 1.07 2.730E-22 8.292E-21 1.661E-22 0.0750 282.8
4962.00 116.00 20 1 1 0 6 : co2 n2o 1.01 1.319E-21 3.708E-20 8.562E-22 0.0751 260.4
5096.00 152.00 20 1 1 0 6 : co2 h2o n2o nh3 1.01 4.289E-22 1.216E-20 2.747E-22 0.0752 271.2
6072.00 98.00 20 1 1 0 5 : co2  1.07 1.733E-24 5.046E-23 1.097E-24 0.0728 256.9
6211.00 128.00 20 1 1 0 6 : co2  1.02 1.742E-23 4.966E-22 1.116E-23 0.0744 266.4
6338.00 124.00 20 1 1 0 6 : co2  1.00 1.745E-23 4.844E-22 1.133E-23 0.0745 260.0
6506.00 124.00 20 1 1 0 6 : co2  1.00 1.937E-24 5.783E-23 1.170E-24 0.0754 279.9
6769.00 82.00 20 1 1 0 6 : co2 h2o 2.00 6.388E-25 1.762E-23 4.258E-25 0.0754 243.4
6940.00 120.00 20 1 1 0 8 : co2 h2o 1.01 5.980E-23 1.688E-21 3.900E-23 0.0753 260.0

Fitted Lab Windows
Table	summarizes	the	40	windows	in	
which	the	lab	spectra	were	fitted.		
Includes	everywhere	that	there	are	
discernable	CO2 lines,	except	for	
regions	with	unfittable artifacts.	
Collectively,	these	windows	cover	over	
3000	cm-1.
A	particular	window	covers	the	range:	
Center-Width/2	to	Center+Width/2
NCBF	is	the	order	of	the	polynomial	
fitted	to	the	continuum	level.
ISObar is	the	strength-weighted	isotope	
number.	A	value	of	1.0	means	that	the	
lines	in	the	window	are	mainly	
12C16O2.		A	value	of	2.0	indicates	13CO2
lines.		A	value	of	3.0	indicates	18OCO.
Smax is	the	largest	CO2 line	strength.
Stot is	the	sum	of	the	CO2 strengths
Sbar is	the	mean	CO2 line	strength
ABHWbar:	mean	(S-weighted)	ABHW
E”bar :	mean	(strength-weighted)	E”
These	properties	depend	only	on	the	
window,	not	the	measured	spectra.



Examples	of	fits	
using	various	
HITRAN	linelist
versions	in	the	
3553	cm-1 window
In	this	window	the	HITRAN	
linelists show	progressive	
improvements,	but	the	ATM	
(based	on	empirical	
position	improvements	to	
HITRAN	2008	in	this	
region)	remains	best	of	all.



Examples of CO2 fitting residuals 
in Kitt Peak lab spectra in the 
3353 cm-1 window using the 
HITRAN 2016b linelist.

Lower	panels	zoom	into	some	of	the	worst	residuals
and	illustrate	that	they	are	due	to	position	errors.



iwin fcen Width Nused Ntot hit08 hit12 atm16 hit16a   hit16b   atm18 
1 693.50 24.70 45 148 0.7401 0.7184 0.7184 0.7167 0.7166 0.7166
2 754.50 32.75 45 148 0.5754 0.5645 0.5645 0.5637 0.5638 0.5638
3 828.35 33.15 65 148 0.8157 0.8019 0.8019 0.8017 0.8017 0.8017
4 925.00 36.05 67 148 0.4319 0.4318 0.4318 0.4313 0.4313 0.4313
5 980.00 21.05 69 148 0.3195 0.3194 0.3194 0.3191 0.3191 0.3191
6 1056.40 46.90 69 148 0.4023 0.4008 0.4008 0.4001 0.4002 0.4002
7 1239.50 20.30 69 148 0.5242 0.5216 0.5216 0.5128 0.5129 0.5129
8 1280.60 19.90 69 148 0.8701 0.8702 0.8702 0.8670 0.8669 0.8669
9 1367.40 25.90 69 148 0.7757 0.7759 0.7759 0.7752 0.7752 0.7752
10 1857.40 8.25 40 148 0.1688 0.1691 0.1691 0.1565 0.1566 0.1566
11 1906.50 35.50 40 148 0.2260 0.2254 0.2254 0.2233 0.2233 0.2226
12 1958.00 14.30 40 148 0.1806 0.1788 0.1788 0.1753 0.1753 0.1747
13 1982.50 8.50 40 148 0.1411 0.1381 0.1381 0.1314 0.1315 0.1315
14 2082.00 89.00 40 148 0.2543 0.2485 0.2485 0.2437 0.2436 0.2423
15 2299.00 111.00 41 148 0.6661 0.5675 0.5665 0.5118 0.4958 0.4766
16 2432.00 33.50 43 148 0.1337 0.1337 0.1337 0.1323 0.1323 0.1312
17 2502.00 35.00 43 148 0.1194 0.1195 0.1195 0.1182 0.1182 0.1140
18 2601.00 48.00 43 148 0.1219 0.1220 0.1220 0.1192 0.1192 0.1192
19 2760.00 31.00 51 148 0.2735 0.2666 0.2666 0.2646 0.2645 0.2645
20 3155.00 21.00 42 148 0.2980 0.2981 0.2981 0.2980 0.2980 0.2980
21 3207.00 25.00 42 148 0.2717 0.2711 0.2711 0.2706 0.2706 0.2706
22 3309.00 24.50 42 148 0.2455 0.2463 0.2448 0.2440 0.2440 0.2440
23 3364.00 26.00 42 148 0.2729 0.2755 0.2714 0.2611 0.2611 0.2611
24  3496.30   31.30     42    148   0.8499 0.7988   0.6412 0.7042   0.7037   0.6101
25 3548.85 21.25 45 148 0.8323 0.6133 0.5794 0.6471 0.6472 0.5475
26 3618.40 48.60 45 148 1.0633 0.7627 0.7037 0.7178 0.7175 0.6925
27 3712.60 46.60 45 148 0.8219 0.6090 0.6066 0.6150 0.6140 0.6063
28 3811.00 37.00 45 148 0.2896 0.2891 0.2891 0.2891 0.2891 0.2891
29 3872.00 16.00 46 148 0.2776 0.2767 0.2767 0.2907 0.2907 0.2767
30 3991.00 42.00 43 148 0.1585 0.1566 0.1566 0.1565 0.1565 0.1565
31 4622.00 41.50 43 148 0.1576 0.1521 0.1521 0.1527 0.1527 0.1512
32 4812.00 92.00 37 148 0.1818 0.1829 0.1807 0.1893 0.1894 0.1796
33 4962.00 58.00 37 148 0.2962 0.2886 0.2860 0.2845 0.2849 0.2796
34 5096.00 76.00 37 148 0.2144 0.2156 0.2147 0.2127 0.2130 0.2120
35 6072.00 49.00 36 148 0.0899 0.0902 0.0894 0.0900 0.0901 0.0887
36 6211.00 64.00 35 148 0.1302 0.1289 0.1236 0.1281 0.1282 0.1236
37 6338.00 62.00 36 148 0.1374 0.1359 0.1299 0.1352 0.1354 0.1299
38 6506.00 62.00 31 148 0.1278 0.1280 0.1278 0.1281 0.1281 0.1278
39 6769.00 41.00 32 148 0.1820 0.1825 0.1825 0.1821 0.1822 0.1820
40 6940.00 60.00 32 148 0.2816 0.2819 0.2819 0.2833 0.2835 0.2816

Average over all windows: 0.3730 0.3489 0.3420 0.3436 0.3432 0.3357

Average % RMS fitting 
residuals for Lab Spectra 
148	spectra,	40	windows,	6		linelists

Each	value	in	the	table	is	an	average	rms
spectral	fitting	residual	for	a	particular	window.	

Nused shows	the	number	of	spectra	fitted	in	each	
window,	out	of	the	147	total.

Red	values	highlight	the	linelist(s)	with	the	
worst/largest	RMS	residuals.	

Blue	values	highlight	linelist(s)	with	the	
best/smallest	RMS	residuals.

Rectangles	show	the	linelist adopted	for	ATM18

Bold	in	the	right-hand	column	indicates	that	the	
rms is	better	than	any	predecessor	due	to	
manual	adjustment	of	best	predecessor.



RMS Residuals from fits to lab spectra – plotted versus cm-1

The	plot	shows	the	RMS	spectral	fits	averaged	over	
the	150	lab	spectra.

Upper	panel	shows	absolute	RMS	values.	Lower	
panel	shows	differences	from	HITRAN	2012	values.

The	absolute	value	of	the	RMS	fit	is	unimportant.		
This	is	generally	dominated	by	instrumental	issues	
and	interfering	absorptions	(e.g.	H2O).

Variation	of	RMS	from	linelist to	linelist is	entirely	
due	to	the	CO2 spectroscopy,	since	everything	else	
is	unchanged.

Big	improvements	are	apparent	for	HITRAN16a,b	
in	the	2300	cm-1 and	the	3600	cm-1 regions.

HITRAN	2016a	and	b	produce	similar	results.	
Differences	can	only	be	seen	at	2300	and	3600	cm-1.

ATM18	linelist provides	the	lowest	RMS,	or	equal	
lowest,	in	every	window.	If	it	wasn’t,	the	culpable	
lines	would	be	replaced	with	those	from	whatever	
linelist was	better.



CO2 VMR Scale Factors retrieved from lab spectra

The	VSF	is	the	retrieved	CO2 amount	
divided	by	the	expected	CO2 amount.	In	a	
perfect	world,	the	VSFs	(y-values)	would	
all	be	1.00.

VSF	values	greater	than	1	mean	that	the	
line	intensities,	or	the	absorber	amounts,	
need	to	be	multiplied	by	the	VSF	value.

Width	and	line	position	errors	can	also	
contribute	to	an	incorrect	retrieved	CO2
amount,	but	in	this	case	the	relationship	
between	the	VSF	value	and	the	
width/position	error	is	more	complicated.



RMS Residuals from fits to lab spectra - Discussion
HITRAN	2008	is	clearly	the	worst	overall.		But	in	2/3	of	the	highest	wavenumber	windows,	it	is	the	best	of	all	5	linelists.	
ATM16	is	the	best	overall.

Comparing	HITRAN	16a	and	16b,	they	produce	very	similar	results	but	small	differences	due	to	truncation	of	SBHW	to	
“f5.3”	format	in	pure	CO2	spectra	and	due	to	addition	of	isotopologs 11	and	12:
• In	15	windows	HIT16a	is	slightly	better
• In	18	windows	they	produce	the	same	rms fit
• In		7	windows	HIT16b	is	slightly	better
The	improvement	in	HIT16b	over	HIT16a	due	to	the	addition	of		isotopologs 11	&	12	is	most	notable	in	strong	bands	
(2299,	3618,	3712	cm-1)	in	13C-enriched	spectra	CO2.

Comparing	HITRAN	2012	with	ATM	2016,	they	produce	similar	results
• In	14	windows	ATM	2016	is	better
• In	26	windows	they	produce	equally	good	fits
• In		0	windows	HITRAN	2012	is	better
It	is	no	surprise	that	HITRAN	2012	is	nowhere	better	than	ATM	2016.		If	it	had	been,	I	would	have	replaced	the	
offending	lines	in	ATM	2016	with	those	from	HITRAN	2016.	Additionally,	empirical	adjustments	have	been	performed	
to	the	ATM	linelist to	fix	obvious	deficiencies	(e.g.,	position	errors).

Since	only	1/148	lab	spectra	used	here	was	below	290K,	these	results	don’t	really	validate	the	T-dependent	parameters.



RMS	Spectral	Fitting	
Residuals:	MkIV Balloon

iwin fcen Width Nrow Npp hit08 hit12 atm16 hit16a hit16b atm18
1 694.60 23.60 19 19 0.6794 0.6588 0.6588 0.6542 0.6542 0.6542
2 754.50 32.75 19 19 0.8275 0.7693 0.7693 0.7658 0.7658 0.7658
3 827.20 34.30 19 19 0.3490 0.3417 0.3417 0.3416 0.3416 0.3416
4 925.00 36.05 19 19 0.2931 0.2927 0.2927 0.2926 0.2926 0.2926
5 980.00 21.05 19 19 0.4609 0.4600 0.4600 0.4598 0.4598 0.4598
6 1056.40 46.90 19 19 0.4218 0.4223 0.4223 0.4217 0.4217 0.4217
7 1239.50 20.30 19 19 0.2529 0.2526 0.2526 0.2526 0.2526 0.2526
8 1280.60 19.90 19 19 0.4311 0.4308 0.4308 0.4308 0.4308 0.4308
9 1367.40 25.90 19 19 1.1333 1.1333 1.1333 1.1331 1.1331 1.1331

10 1857.90 7.65 19 19 0.5769 0.5770 0.5770 0.5756 0.5756 0.5756
11 1906.50 35.50 19 19 0.7017 0.7026 0.7026 0.7035 0.7035 0.7013
12 1958.00 14.30 19 19 0.5468 0.5440 0.5440 0.5498 0.5498 0.5440
13 1982.50 8.50 19 19 0.4958 0.4884 0.4884 0.4879 0.4879 0.4879
14 2082.50 88.50 19 19 0.7599 0.7532 0.7529 0.7519 0.7519 0.7519
15 2299.30 125.15 19 19 0.5408 0.5182 0.5182 0.4848 0.4845 0.4799
16 2430.60 32.10 19 19 0.1633 0.1628 0.1628 0.1628 0.1628 0.1628
17 2501.90 34.80 19 19 0.2067 0.2062 0.2062 0.2066 0.2066 0.2065
18 2601.00 48.00 19 19 0.2565 0.2559 0.2559 0.2560 0.2560 0.2560
19 2760.00 31.00 19 19 0.2641 0.2630 0.2630 0.2629 0.2629 0.2629
20 3155.00 19.00 19 19 0.5235 0.5229 0.5229 0.5222 0.5222 0.5222
21 3206.75 20.25 19 19 0.2183 0.2156 0.2156 0.2126 0.2126 0.2126
22 3309.00 24.50 19 19 0.2037 0.1913 0.1893 0.1877 0.1877 0.1877
23 3364.00 26.00 19 19 0.2434 0.2194 0.2112 0.2109 0.2109 0.2109
24 3496.30 31.30 19 19 1.5538 1.2227 0.4524 0.7021 0.7022 0.4524
25 3548.80 21.20 19 19 1.4078 0.8453 0.6375 0.7253 0.7253 0.6375
26 3618.50 48.60 19 19 0.7788 0.5241 0.4970 0.4685 0.4685 0.4685
27 3713.50 41.55 19 19 0.6196 0.4006 0.4003 0.4899 0.4899 0.4003
28 3811.20 37.00 19 19 0.9404 0.9044 0.9044 0.9039 0.9039 0.9044
29 3871.90 15.80 19 19 1.1193 1.0621 1.0621 1.0620 1.0620 1.0621
30 3991.00 42.00 19 19 0.4540 0.4535 0.4535 0.4535 0.4535 0.4535
31 4622.10 41.40 19 19 0.2915 0.2797 0.2797 0.2792 0.2792 0.2784
32 4812.00 92.00 19 19 0.4900 0.4924 0.4899 0.5324 0.5324 0.4892
33 4962.00 58.00 19 19 0.5876 0.5702 0.5680 0.5682 0.5682 0.5561
34 5096.00 76.00 19 19 0.5278 0.5282 0.5269 0.5213 0.5213 0.5190

Average over all windows: 0.5682 0.5196 0.4895 0.5010 0.5010 0.4866

MkIV instrument	observes	direct	sunlight	
from	balloon,	covering	the	entire	650-5650	
cm-1 region	simultaneously	at	0.01	cm-1

resolution	(60	cm	OPD)

Table	shows	%	rms fitting	residuals	for	each	
window,	averaged	over	Nrow=	19	spectra	
covering	tangent	altitudes	from	9	to	38	km

34	windows,	6	linelists,	19	spectra,	=	3876	fits

HITRAN	2012	is	better	than	HITRAN	2008
HITRAN	2016	is	better	than	HITRAN	2012

ATM16	is	the	best	of	the	pre-2018	linelists,	
mainly	due	to	the	fact	that	line	position	errors	
in	the	3480-3570	cm-1 region	were	fixed	
manually.



MkIV Balloon Spectral 
Fitting Residuals 
Top	Panel:	RMS	fitting	residuals	for	34	windows	
using	5	different	linelists.		The	absolute	fitting	
residuals	are	dominated	by	interfering	
atmospheric	absorptions,	especially	H2O.

Bottom	Panel:		Differences	from	HIT12.

Difference	between	HIT16a	and	HIT16b	are	tiny	
because	isotopologs 11	&	12	are	not	discernable	
in	atmospheric	spectra	and	because	the	
rounding	of	the	SBHW	values	doesn’t	matter	in	
air-broadened	spectra.

HIT16	shows	improvements	below	900	cm-1,		
and	in	windows	centered	at	2290,	3623,	and	
5096	cm-1.

HIT16	worst	of	all	linelists in 4812	cm-1 window.



MkIV Balloon: Retrieved CO2 VMR Scale Factors 
The	VSF	represents	the	retrieved	CO2
amount	divided	by	the	expected	amount.	
Ideally,	these	values	would	all	be	1.0.

HIT12	points	mostly	buried	under	the	
ATM16	points,	except	around	3600	cm-1.

HIT16a	points	mostly	buried	beneath	
HIT16b	points.		X-values	offset	for	clarity.

MkIV instrument	records	600-5650	cm-1

simultaneously,	so	derived	VSFs	should	be	
accurate.



The effect of neglecting Line Mixing

For speed of computation we have ignored LM.

To test the likely impact of this, we have included the effect of LM for one window and compared the results with the non-
LM case.

fcen Width Nrow Npp hit08 hit12 atm16 hit16a hit16b hit16c

6211.00 64.00 35 148 0.1301 0.1287 0.1235 0.1279 0.1280 0.1280
6211.00 LM 64.00 35 148 0.1417 0.1401 0.1347 0.1392 0.1393 0.1393

6338.00 62.00 36 148 0.1372 0.1357 0.1296 0.1350 0.1352 0.1352
6338.00 LM 62.00 36 148 0.1503 0.1487 0.1427 0.1480 0.1481 0.1481

We conclude that although LM has a significant effect on the rms and the VSF for spectral measured at higher pressures, it 
doesn’t affect the relative ranking of the linelists.



iwin Fcen HWidth Nrow Npp hit08 hit12 atm16 hit16a hit16b atm18
1 755.20 32.05 125 125 1.1054 1.0800 1.0800 1.0889 1.0889 1.0889
2 827.20 34.30 125 125 0.5838 0.5823 0.5823 0.5804 0.5804 0.5804
3 925.00 36.05 125 125 0.3430 0.3446 0.3446 0.3445 0.3445 0.3445
4 980.00 21.05 125 125 0.4403 0.4435 0.4435 0.4427 0.4427 0.4427
5 1056.40 46.90 125 125 0.6605 0.6572 0.6572 0.6569 0.6569 0.6569
6 1239.50 20.30 125 125 0.7606 0.7606 0.7606 0.7606 0.7606 0.7606
7 1280.60 19.90 125 125 0.2306 0.2309 0.2309 0.2308 0.2308 0.2308
8 1367.40 25.90 125 125 0.0881 0.0881 0.0881 0.0881 0.0881 0.0881
9 1857.90 7.65 125 125 0.2356 0.2356 0.2356 0.2358 0.2357 0.2357
10 1910.30 29.70 125 125 0.6376 0.6377 0.6377 0.6382 0.6382 0.6382
11 1960.45 11.85 125 125 0.6171 0.6177 0.6177 0.6212 0.6212 0.6180
12 1982.50 8.50 125 125 0.6867 0.6860 0.6860 0.6859 0.6859 0.6859
13 2082.50 88.50 125 125 1.1493 1.1585 1.1589 1.1596 1.1596 1.1596
14 2299.30 125.15 125 125 0.3990 0.3978 0.3978 0.3976 0.3976 0.3976
15 2430.60 32.10 125 125 0.2376 0.2353 0.2353 0.2382 0.2382 0.2382
16 2501.90 34.80 125 125 0.2476 0.2474 0.2474 0.2473 0.2473 0.2473
17 2605.00 42.00 125 125 0.3723 0.3722 0.3722 0.3723 0.3723 0.3723
18 2760.00 31.00 125 125 0.4239 0.4234 0.4234 0.4234 0.4234 0.4234
19 3159.00 15.20 125 125 1.2551 1.2545 1.2545 1.2545 1.2545 1.2545
20 3206.75 18.50 125 125 0.7795 0.7790 0.7790 0.7789 0.7789 0.7789
21 3309.00 22.50 125 125 0.4716 0.4713 0.4713 0.4710 0.4710 0.4710
22 3360.50 22.00 125 125 0.5314 0.5340 0.5337 0.5310 0.5310 0.5310
23 3496.30 31.30 125 125 0.2597 0.2319 0.2277 0.2499 0.2499 0.2277
24 3548.80 21.20 125 125 0.1777 0.1743 0.1774 0.1767 0.1767 0.1765
25 3618.50 48.60 125 125 0.1022 0.1005 0.1008 0.1015 0.1015 0.1008
26 3713.50 41.55 125 125 0.0147 0.0147 0.0147 0.0148 0.0148 0.0147
27 3811.20 37.00 125 125 0.0232 0.0231 0.0232 0.0233 0.0233 0.0231
28 3871.90 15.80 125 125 0.1398 0.1398 0.1398 0.1398 0.1398 0.1398
29 3991.00 42.00 125 125 0.6211 0.6189 0.6189 0.6191 0.6190 0.6190
30 4627.00 34.40 125 125 0.3750 0.3726 0.3726 0.3728 0.3728 0.3725
31 4812.35 91.65 125 125 0.7807 0.7830 0.7824 0.7801 0.7801 0.7760
32 4962.00 58.00 125 125 0.8637 0.8334 0.8333 0.7874 0.7874 0.7853
33 5094.75 73.25 125 125 0.8182 0.8142 0.8141 0.8126 0.8126 0.8131

Average over all windows: 0.4980 0.4953 0.4952 0.4947 0.4947 0.4940

MkIV Ground-Based 
Spectral Fitting Residuals
33	windows,	125	spectra	=	4125	spectral	
fits	(100%	completion).

Selected	a	subset	of	125	MkIV spectra,	
each	cover	650-5650	cm-1 simultaneously.

Spectra	cover	surface	temperatures	of							
-35C	to	+35C,	and	0	to	3.8	km	altitude	
(650	to	1000	mbar).



MkIV ground-based:
RMS Fitting residuals (right) 
VMR Scale Factors (below)



TCCON Ground-Based RMS Spectral Fitting Residuals
iwin Fcen Width Nrow Npp hit08 hit12 atm16 hit16a hit16b atm18
1 4627.00 34.40 25 25 0.2619 0.2577 0.2577 0.2581 0.2581 0.2579
2 4812.35 91.65 25 25 0.4388 0.4341 0.4238 0.4246 0.4246 0.4238
3 4962.00 58.00 25 25 0.6748 0.6345 0.5703 0.5744 0.5744 0.5703
4 5094.75 73.25 25 25 0.7025 0.6976 0.6932 0.6931 0.6931 0.6932
5 6071.70 48.70 25 25 0.2215 0.2245 0.2218 0.2198 0.2198 0.2154
6 6211.00 64.00 25 25 0.2045 0.2019 0.1934 0.2015 0.2015 0.1934
7 6338.00 60.55 25 25 0.2012 0.1993 0.1909 0.1991 0.1992 0.1909
8 6506.25 60.75 25 25 0.1780 0.1802 0.1780 0.1804 0.1804 0.1780
9 6769.00 41.10 25 25 0.8307 0.8309 0.8307 0.8308 0.8308 0.8307
10 6937.50 59.50 25 25 0.6651 0.6680 0.6651 0.6663 0.6663 0.6651

Average over all windows: 0.4379 0.4329 0.4225 0.4248 0.4248 0.4225

The	Total	Column	Carbon	Observing	Network	(TCCON)	covers	the	3900	to	9500	cm-1 region	with	an	InGaAs
detector	at	45	cm	OPD		(0.02	cm-1 resolution).

TCCON	measures	CO2	using	the	two	near-identical	CO2 bands	at		6220	and	6338	cm-1

The	OCO-2	and	GOSAT	satellite	instruments	also	use	the	strongr CO2 band	at	4812	cm-1.



TCCON Ground-Based
RMS fitting residuals (right)
VMR Scale Factors (below)



Types of Spectra and their Pros and Cons
for Spectroscopy Evaluation

Type Pros Cons
Laboratory - Well-known	cell	conditions	(L,	T,	P,	VMR)

- Large	isotopic	enrichments	possible
Dim	Source,	so	narrow	spectral	
coverage	and/or	poor	SNR

Occultation
MkIV Balloon

- Bright	source	(sun)	allows	simultaneous	
coverage	650-5650	cm-1 at	high	resolution

- Wide	range	of	P/T	conditions
- Solar	and	instrumental	features	removed
- Long	path	lengths	(~400	km)

• Inhomogenous atmospheric	path
• No	control	over	P/T	conditions
• Interferences	from	other	gases
• Unknown	VMRs	and	isotopic	
fractionations	(except	CO2,	N2,	O2)

Ground-based
MkIV

- Bright	Source	(sun)
- Simultaneous	coverage	650-5650	cm-1

- Long	path	lengths	(~100	km)
- Sensitive	to	lineshape (e.g.	width,	shifts,	LM)

Inhomogeneous	atmospheric	path	
Wide	regions	blacked	out:
• H2O	(1350-1900;	3350-4000	cm-1)
• CO2 (650-700;	2280-2390	cm-1)

Ground-based
TCCON

- Bright	Source	(sun)
- Simultaneous	coverage	4000-14800	cm-1

- Long	path	lengths	(~100	km)
- Sensitive	to	lineshape (e.g.	width,	shifts,	LM)

Inhomogeneous	atmospheric	path	
Regions	strongly	contaminated	by:
• H2O	(7000-7200)
• CO2 (4800-5000	cm-1)



Fits to MkIV balloon spectra at 14 km tangent altitude in the 3200 cm-1 region 

HITRAN 2008                                                     HITRAN 2012                                                  HITRAN 2016

HITRAN 2008                                                                                                                  HITRAN 2016

Illustrating	the	progressive	improvement	
in	the	spectral	fits	from	HITRAN	2008	to	
HITRAN	2016.		Residuals	are	mainly	due	
to	H2O,	O3 and	CH4,	but	these	linelists were	
unchanged,	so	improvement	in	rms fitting	
residuals	is	due	solely	to	CO2.		HITRAN	
2016	still	not	perfect,	but	better	than	its	
predecessors.



Summary & Conclusions
Four	spectral	datasets	(Kitt Peak	lab,	MkIV balloon,	MKIV	ground,	and	TCCON	ground)	have	been	used	to	
evaluate	six	different	linelists (HITRAN	2008,	12,	16a,	16b	and	ATM	16	&	18)	over	the	650	to	7000	cm-1

region.

Spectral	fitting	was	performed	with	the	GFIT	code	and	the	linelists were	evaluated	in	terms	of:	the	rms
fitting	residuals	and	the	window-to-window	consistency	of	the	retrieved	gas	amounts.		There	was	no	
analysis	of	separate	isotopologs.		They	were	all	lumped	together	as	CO2	which	makes	it	important	to	know	
the	fractionation.		For	CO2 this	is	probably	better	known	in	the	atmosphere	than	in	the	laboratory.

Results	show	progressive	overall	improvements	in	each	HITRAN	version,	but	there	have	been	some	
regions	where	the	HITRAN	2016	fits	have	regressed,	particularly	above	3400	cm-1.	Also	in	the	6200-6400	
cm-1 region	used	by	TCCON	to	measure	atmospheric	CO2 the	consistency	of	the	retrievals	has	degraded.

Merged	available	linelists to	make	new	linelist (ATM18),	based	primarily	on	HITRAN	2016b,	except	for:
• Replaced	the	3419	- 3923	cm-1 and	5750	- 6598	cm-1 sections	with	ATM	2016.
• Replaced	the	6715	- 7000	cm-1 section	with	HITRAN	2008
• For	isotopologues 10,11,12,	use	HIT16b	throughout.



Future Work

HITRAN	2016	linelists provide	improved	window-to-window	consistency	below	5200	cm-1.	But	the	
consistency	of	the	6211	and	6338	cm-1 windows,	used	by	TCCON,	is	poorer	using	HIT16a,b	than	
previously.		This	is	a	serious	problem	because	anything	that	degrades	the	uncertainties	of	one	window,	
but	not	the	other,	will	affect	the	weighted	average.		I	therefore	plan	to	recommend	the	ATM18	 CO2 for	
TCCON.

In	future,	obtain	additional	low-T	lab	spectra	(preferably	air-broadened)	to	test	T-dependence	of	ABHW.
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