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The HITRAN 2012 linelist contained several preventable errors. Late delivery of
key linelist components left too little time for a thorough validation, and too little
time to remedy the problems that were found.

We have tried to automate part of the validation process by fitting atmospheric
spectra measured by the MkIV balloon interferometer. By comparing rms fitting
residuals with previous HITRAN linelists, errors are quickly identified. This work,
applied to HITRAN 2016, will hopefully reduce the number of preventable errors.

Results also provides guidance for future spectroscopic work.

Copyright 2016 Caltech. Government sponsorship acknowledged



Approach

Defined 113 contiguous windows covering 700 to 5600 cm-!

Fitted an occultation of MKIV balloon spectra (57 cm OPD) with 20 different
tangent altitudes from 9 km to 38 km

Large range of T/P/vmr seen in balloon spectra exposes spectroscopic errors
Used four different linelists: HITRAN 2000, 2004, 2008, 2012

So a total of 113 x 20 x 4 = 9,040 spectral fits were performed with GFIT
Compared rms fitting residuals from HITRAN 2012 linelist with its predecessors
Investigate cases where HITRAN 2012 rms residual is not the best, or is too large

Mainly tests HITRAN line positions, E”, and relative intensities (and completeness)



MKIV Balloon Spectra

From May 1997 balloon flight from Fairbanks, Alaska, part of POLARIS campaign.

The NASA ER-2 aircraft made dozens of flights over Alaska. There were also
frequent ground-based remote-sensing observations. Thus, the atmosphere over
Alaska was exceptionally well characterized during POLARIS.

MKIV spectra balloon cover 650-5650 cm! at 0.01 cm! resolution (57 cm MOPD)

Spectra were ratioed against a high-sun solar spectrum to remove solar and
instrumental features. Observed residuals are therefore predominantly telluric.

ILS was determined by fits to high altitude (38 km) spectra of CO,. In any case, the
same ILS 1s used for all linelists, and so does not cause residuals to be different



RMS fitting residuals at 31 km
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At 31 km, the smallest rms residuals occur in window regions, e.g. 2400-2700 cm!,
with weak absorptions.



RMS Fitting Residuals at 10 km Altitude
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At 10 km, the smallest rms residuals occur in saturated regions, e€.g. 1600-1700 cm-!.
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RMS Residuals versus altitude (1/2)
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RMS Residuals versus Altitude (2/2)
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Fit to 1307-1360 cm™! window at 20 km altitude
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This is the worst window for HITRAN 2012. All 4 HITRAN linelists produce similar residuals,
peaking at 20 km altitude. This and the 0.4 cm™ spacing of residuals indicate HNOj as the culprit.



Fit to 2720-2785 cm™! window at 31 km altitude
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HITRAN 2012 worse than 2008 due to a 0.001 cm™ position error on CH, line at 2742.3 cm!
Residual at 2761.4 cm! due to 0.002 cm™ position error in resonance O, line, a perennial problem



Fit to 4145-4236 cm™! window at 31 km altitude
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HITRAN 2012 fits are worse than those using HITRAN 2004 or 2008 due to a worsening of the
line positions, esp. in v;+v, Q-branch with peak residuals of 6% versus 4% with HITRAN 2004/8



Fit to 3528-3574 cm! window at 23 km altitude
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RMS has reduced with each successive HITRAN version (improved CO,), but residuals at 20 km
are now dominated by the missing v; HNO, band, whose P- and Q-branches are clearly visible.



Fit to 4048-4145 cm-
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HITRAN 2012 is better than HITRAN 2004/8 despite the huge residual at 4115.659 cm™!, due
to a missing CH , line which was present in HITRAN 2008. HITRAN 2000 is still best at 10 km

fdz= 2.423+ 0.1
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Fit to 5358-5422 cm™! wind t 12 km altitud
d_1'197128 505_506 1,// 95.44° Z.= 11.76km Opms= 1.0749% [fdz= 1.920+ 0.
T T T T T .-g : I """" I """" I """"" I """"" I_
(h) ., HIT 2000 =
35 - ] é
3 a0k <HIT 2012 & h2o
\,&/ [
25F
R g
2 F other
2 w0 :
= F pe
< [ =
15F =
L n
s =
10F £
1 1 1 1 1 B
0.0 0.5 1.0 1.5 2.0 2.5 3.0
% RMS Spectral Fit (5390 cm™)
5360 5370 5420
6 %_(c) 10 km Tangent Altitude —~ _%
. EHIT 2000 - 3 i 920+ 0.05
= 5E - 3 é‘
= E 3 3
= E - E " ‘
— 4FHIT 2012 3 . -2
5 . .. -3 f
¢ OF . - NN y :
(?; E L = - RIS - E g Jother
w RE Do N Ring - = b=
= E.. b S = s LT, T = 3 g
TR - e -==
E 4 = & il ' =, - 3 L=
E., wesl w8 T - = E
0EX L hird L e 1 o 1 1 3
1000 2000 3000 4000 5000 w : :
Wavenumber (cm™}) 5390.0 5390.5 5391.0

Frequency (cm™)

Large positive residual near 5390.3 cm™, due to a factor ~4 intensity over-estimate of H,O line
at 5390.339 cm™!, was not present in fits using HITRAN 2004 or 2008.



Average RMS Fitting Residual Table (1/4)
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Average RMS Fitting Residuals Table (2/4)
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0.2714
0.3130
0.3592
0.3215
0.3322
0.3504
0.5020
0.5066
0.5901
0.8526
0.5154

HIT2008

1.0754
1.3533
0.9451
0.8364
1.0380
1.0625
0.7660
0.9850
0.7216
0.6999
0.6433
0.7453
0.6705
0.6710
0.7311
0.8505
0.9819
0.6709
0.6554
0.6812
0.5245
0.2835
0.2745
0.3181
0.3629
0.3284
0.3368
0.3322
0.4032
0.4839
0.6121
0.8626
0.5153

HIT2012
1.0903
1.3318
0.9110
0.8025
1.0372
1.0893
0.7527
0.9912
0.7242
0.6936
0.6398
0.7619
0.6519
0.6473
0.7117
0.8178
0.9809
0.6717
0.6155
0.6562
0.5148
0.2835
0.2754
0.3192
0.3652
0.3306
0.3380
0.3357
0.4124
0.4952
0.6140
0.8642
0.4878



Average RMS Fitting Residuals Table (3/4)

Center

3022.00
3104.00
3184.00
3272.00
3360.00
3457.00
3540.00
3614.00
3722.50
3783.50
3809.00
3827.00
3845.00
3860.00
3867.50
3877.60
3888.50
3896.50
3920.00
3950.00
4006.00
4096.50
4191.00
4282.00
4340.00
4399.50
4486.00
4556.00
4630.50
4716.00
4783.00
4849.00
4910.00

Width
84.00
80.00
80.00
96.00
80.00

114.00
53.00
99.00
93.50
25.00
13.00
20.00
13.00

9.00

4.00
15.00

4.50

9.50
30.00
30.00
83.00
98.00
92.00
90.00
26.00
93.00
80.00
60.00
89.00
82.00
52.00
82.00
40.00

Fitted gases

h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o

o3
o3
co2
co2
co2
co2
co2
co2
co2
co2
co2
co2
co2
co2
co2
co2
co2
chd
n2o
co2
co2
o3
o3
o3
o3
n2o
ch4
co2
co2
co2
co2
co2
co2

chd
ch4
o3
o3
n2o
o3
n2o
o3
o3
o3
o3
o3
o3
o3
o3
o3
o3
hdo
hf
o3
o3
n2o
ch4d
ch4
chd
chd

ch4

o3
n2o

o3

hcl

ch4
ch4
hcn
n2o
hno3
n2o
n2o
n2o
n2o
n2o
n2o
n2o
n2o
n2o
n2o

ch4
ch4
ch4
ch4
co
co
co

n2o
ch4

c2h6

hecn

hdo
hno3
hf
hf
ch4
hf
ch4
ch4
ch4
hf
ch4

hdo
hdo
hf
hf
hf

ch4

hdo
hdo
ch4
hdo
ch4
hdo
hdo
hdo
ch4
hdo

hdo

hdo

hdo

HIT2000

1.3087
0.8145
0.5578
0.4141
0.4281
1.8789
3.7889
1.1080
1.2539
0.7361
1.0882
1.2517
1.1898
1.4591
1.2018
1.5634
0.4811
1.2353
0.9541
1.2557
0.6472
0.4394
0.6709
0.7023
0.5918
0.6325
0.5400
0.5412
0.6140
0.4972
1.7564
2.0143
1.0928

HIT2004
0.9698
0.6101
0.5438
0.3050
0.3536
1.8396
3.4543
1.1064
1.0290
0.5463
0.8435
1.1096
0.9487
1.1815
0.9846
0.9905
0.3476
0.8601
0.7462
0.5896
0.5929
0.4757
0.5244
0.5527
0.5095
0.5147
0.4747
0.4591
0.5390
0.4211
1.4177
1.3789
1.0312

HIT2008

0.7652
0.6485
0.4516
0.3173
0.3642
1.0458
3.0314
1.0899
1.0221
0.5319
0.8252
0.9578
0.8168
0.8833
0.9659
0.9908
0.3506
0.8780
0.7637
0.5758
0.5927
0.4751
0.5215
0.5450
0.5095
0.5147
0.4734
0.4590
0.4248
0.3904
0.4701
0.6120
0.5964

HIT2012
0.7470
0.6291
0.4345
0.3195
0.3437
0.9821
1.5992
0.7537
0.7967
0.5452
0.8642
0.9768
0.7485
0.8999
0.8738
0.8799
0.4131
0.8822
0.6754
0.5815
0.5785
0.4383
0.5199
0.5885
0.5122
0.5114
0.4609
0.4390
0.4126
0.3689
0.4610
0.6163
0.5389



Average RMS Fitting Residuals Table (4/4)

Center

4975.00
5037.50
5102.00
5194.00
5257.00
5315.50
5390.00
5451.00
5520.00
5590.00

Width
90.00
35.00
94.00
90.00
35.00
88.00
63.00
64.00
78.00
60.00

Fitted gases

h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o
h2o

co2
co2
co2
co2
co2
co?2
co2
ch4
ch4
ch4

n2o
n2o
n2o
ch4
ch4d
ch4
ch4

ch4
ch4

hdo
hdo

HIT2000

1.3605
0.6236
0.8164
0.9068
0.8469
1.0393
1.1273
1.2288
1.5419
2.2967

HIT2004

0.9442
0.5795
0.7176
0.5432
0.6084
0.6653
0.7307
0.8195
1.3215
2.4974

HIT2008

0.7133
0.4366
0.6426
0.5640
0.6213
0.7101
0.7536
0.8366
1.2153
2.2599

HIT2012

0.6971
0.4356
0.6410
0.5483
0.6177
0.6865
0.7911
0.8290
1.1957
2.1792



Summary/Conclusions

Comparing rms fitting residuals (new linelist versus previous linelists) provides
a quick method of validation and for identifying problems.

The HITRAN 2000 linelist produces the best fits in 2 cases; the 2004 linelist in
25 cases; the 2008 linelist in 20 cases, and the 2012 linelist in 65 cases.

Atmospheric spectra are used only to assess the HITRAN linelist and to identify
problems. To actually fix the problems requires laboratory spectra.

Results also show regions/gases for which further spectroscopic work would be
beneficial



Future Work

Analyze lower altitude spectra where H,O plays a much more important role and
where errors in line widths and shifts become more important. This will require
inclusion of line mixing effects which above 10 km are small.

Sub-dividing some of the windows, such that we would end up with more the 113
windows with a narrower average width, would provide more specificity in the
identification of regions where the rms fits worsen. For example, in a wide window
improvements in the spectroscopy of gas A can mask a worsening of gas B.

Examine the band-to-band consistency of the retrieved gas amounts.
Evaluate HITRAN 2016 when it comes out later this year. This can now be done

quickly (a few days) since the windows and spectra are already defined and the
scripts for running the GFIT code and making the plots already exist.



ATM 2016 linelist

ATM 2016 linelist 1s a “greatest hits” compilation based on HITRAN, but including
empirical fixes of obvious problems. It is used by the TCCON network.

Previously described paper did not include ATM 2016 because it 1s not documented
in a publication and it would not be a fair comparison (ATM is 4 years later)

When HITRAN 2012 linelist came out, ATM linelist was updated for gases/region
that were improved.

In regions that didn’t improve, no update.

So it should be no surprise that in terms of the rms residuals ATM2016 linelist 1s as
good as the best HITRAN linelist in nearly every window.
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Average RMS Fit versus Altitude

Altitude (km)

30

V) V)
-] N
N N I N S B N B B L L L L B I

—_
N

10

» HIT 2000

« HIT 2012
» ATM 2016

0.6

0.8 1.0 1.2 1.4 1.6 1.8
7% RMS Spectral Fit (average of all windows)

2.0



RMS Spectral Fit (%)

RMS fits at 31 km altitude
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RMS Spectral Fit (%)
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