O, Spectroscopy Evaluation: 600-5000 cm™!

Geoff Toon
Jet Propulsion Laboratory

California Institute of Technology
2020-07-27

Defined 36 windows in which O3 absorption can be seen in atmospheric and lab spectra.

Fitted MkIV atmospheric spectra (balloon & ground-based) and Kitt Peak O laboratory spectra using 8 different O5 linelists,
keeping that same linelist (ATM16) for all other gases. Changes from linelist to linelist are therefore solely due to Os.

Examined the RMS fitting residuals and the window-to-window consistency of the retrieved O; amounts.

This updates a previous evaluation report presented at the 2017 Reims Workshop:
https://mark4sun.jpl.nasa.gov/report/o3 _spectroscopy evaluation 20170930.compressed.pdf

Spectra used are:
e 17 MKIV balloon spectra covering 10-37 km tangent altitude, 650-5650 cm-!, 0.01 cm™! resolution (60 cm OPD)

« 78 MKIV ground-based spectra covering surface temperatures of -35C to +35C, 650-5650 cm™!; (120 cm OPD)
* 190 Lab spectra: 2 from Alain Barbe; 188 from Kitt Peak (6 of which are enriched in '80)

No TCCON spectra are used in this study because from the ground O absorptions cannot be seen above 3300 cm!

Copyright 2020 California Institute of Technology. Government sponsorship acknowledged.


https://mark4sun.jpl.nasa.gov/report/o3_spectroscopy_evaluation_20170930.compressed.pdf

The Eight O5 Linelists Evaluated
HIT 2008: 409,686 lines covering 0 to 5786 cm’!
HIT 2012: 422,116 lines covering 0 to 6997 cm-!
HIT 2016: 449,570 lines covering 0 to 6997 cm’!

ATM 2016: 449,570 lines covering 0 to 6967 cm-!
(Basically, HIT 2016 with a few tweaks)

HIT 2016d: 449,590 lines covering 0 to 6997 cm-!
Basically HIT16 with empirical intensity scalings and position shifts (detailed description in previous report)

TEN 2018b: 238,990 lines covering 0-3700 cm-!. Linelist received from Jonathan Tennyson May 25, 2018.
Main isotopolog (666) only. Supplemented with HIT16d for heavy Os. This linelist replaced TEN 2018a sent
May 11, 2018. These were compared & evaluated in two brief reports in 2018.

HIT 2020a: 457,872 lines covering 0 to 6997 cm-!
Received from Iouli on May 1, 2020 (03 hitl6 plusMikh-update)

Birk 2020: 95,280 lines covering 600 to 1180 cm! (gap from 850 to 980 cm-! filled with HIT16)
Sent in three files (v;, v,, v3) attached to Manfred’s 2020-05-25 email.



Laboratory Windows

36 windows were defined, each covering a band

or sub-branch where O3 absorptions can be seen.

Width of windows varies from 10 to 110 cm!

Regions not covered by these windows don’t
contain discernable O; lines.

Very similar windows were fitted in the
atmospheric cases, but with more interfering
gases and fewer continuum basis functions
(ncbf). For the balloon case ncbf=2 since these
spectra have been ratioed.

Right-most 3 columns show the mean Oj; line
intensity, width, & E”, in each fitted window.
These are independent of the viewing geometry.

Windows # 4 & 5 have the strongest O5 lines.
Windows # 26, 27, 34, & 36 have the weakest.
Windows # 15, 16 & 27 have the largest E”.
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Spectral Coverage of Lab Spectra and Fltted Wmdows

Figure shows the retrieved O3 VSFs and their uncertainties, plotted
versus wavenumber and spectrum #.

Upper Panel: Colors denote the retrieved O3 VSF (blue=0.8;
green=1.0; red=1.2) using HIT16d.

Lower Panel: Colors denote the retrieved O; VSF uncertainties
(blue=1%; cyan =3%; green=5%; red=10%)

Of the 190 spectra, #3-190 are from Kitt Peak over the period 1984 to
1998, and # 1 & 2 are from Alain Barbe.

Spectra cover temperatures 160K <T<302K and pressures 0<P<405
Torr

Spectra # 65 to 100 measure 650 to 2800 cm™! region simultaneously
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Fits to KP lab spectra: VMR Scale Factors

Uses the same data as in the previous slide, but averaging over
windows (lower panel) or spectra (upper panel)

Top Panel:

Mean O3 VSF averaged over spectra for each window. This plot
facilitates the identification of spectral regions or bands in which the
retrieved O; amounts are inconsistent with the others, such as the low
O; around 1800-1950 and 2900 3250 cm!.

Bottom Panel:

Shows the Mean O; VSF averaged over windows for each spectrum.
This facilitates identification of individual spectra that give retrieved
O; amounts that are inconsistent with the other spectra. Initially this
figure looked a lot worse due to mistakes in the tabulated observation
conditions (e.g. cell lengths).

Mean O, VSF averaged over spectra

Mean 0, VSF averaged over windows
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Fits to Kitt Peak Lab Spectra — Comparing d1fferent Linelists

Upper Right: RMS spectral fits averaged over spectra.

Below: Retrieved VMR Scale Factors overaged over spectra.
Same as upper panel of previous slide, but with 8 different
linelists instead of 1. Inset zooms into 1700-2300 cm-! region
Where 03 amounts d1p (except for TEN18b)

oHIT 2016d

DHIT 2008 7
Absolute RMS values are unimportant — their changes matter. OHIT 2012 _‘
Lower Right: Difference in RMS fits relative to HIT12. g;'f,;"‘ i%ll% \

vHIT 2020a
¢ Birk 2020

._.
=3
o

T

RMS Spectral Pits (%)

—-
o
=

e
©
o

0y VMR Scale Factor

[ oHIT 2012
[ AATM 2016
0.85cmT 2016

vHIT 2020a 4
. Bi!:'k 2020 ) r

1700 1800 1800 2000 2100 2200
Wavenumber (cm™)

' ‘0HIT 2008 ; oHIT 20164
SHIT 2012

1.10

oHIT 2008

0, VMR Scale Factor

p—
o
E
= [
| [
# [
- 2 i
-0.05
AATM 2018 | vHIT 2020a E = i
1.05 oHIT 2016 ||eBirk 2020 E ; I oHIT 2012
§ ol B AATM 2016
> - |
1.00 fllsh— Ja . =0.10}F oHIT 2018
3 'E [ - oHIT 2016d
0.95f q 3 I
e [ vHIT 2020a
0.90 |- " i ¢ Birk 2020
0.85 . ) . I 7 E PP PP PP PP
1000 2000 3000 4000 5000 1000 2000 3000

-1
Wavenumber (cm™) Wavenumber (cm™)



iwin fcen fcen_error Nspec hite8 hitl2 atmlé hitle hitlied +tenl8b hit20a birk2e

. . 1 648.65 18.06 105/190 0.9837 0.9837 ©0.9837 0.9837 0.9837 ©0.9220 0.9837 0.9704
K]tt Peak Lab: Retrleved 2 684.45 16.51 105/190 ©.9892 ©0.9892 0.9892 0.9892 0.9888 0.9167 0.9892 0.9758
3 756.00 55.01 105/190 0.9980 0.9980 0.9980 0.9980 0.9980 0.9280 0.9980 0.9847
VMR Scale FaCtOI'S 4 1003.40 40.51 162/190 ©.9925 ©.9925 ©.9924 ©.9924 ©0.9923 0.9974 0.9924 0.9711
5 1060.00 16.26 162/1990 0.9943 0.9943 0.9943 0.9943 0.9942 0.9981 0.9943 0.9726
6 1092.86 16.68 162/190 0.9910 0.9910 0.9910 ©0.9910 ©.9909 1.0372 ©.9910 ©.9723
7 1119.75 10.20 162/190 0.9956 ©0.9956 ©0.9956 ©.9956 ©.9961 1.0472 ©.9956 ©.9759
8 1161.90 24.30 162/190 1.0020 1.0020 1.0027 1.0027 1.0019 1.0571 1.0027 ©0.9819
9 1199.25 11.10 162/190 1.0120 1.0120 1.0140 1.0140 1.0118 1.0642 1.0140
Same data as plotted mn previous slide 10 1716.40 56.03 60/1990 ©0.9699 0.9699 ©0.9705 ©0.9699 ©0.9705 1.1124 0.9699
: 11 1775.44 22.47 60/19 1.0111 1.0111 1.0114 1.0111 1.0122 1.0111 1.0111
(10W€f left panel) but in tabular form. 12 1812.50 12.25 60/190 ©.9528 ©0.9528 0.9530 ©0.9528 ©0.9530 0.9945 ©0.9528
13 1837.50 12.25 60/190 0.9485 0.9485 ©0.9490 ©0.9485 ©.9491 1.0129 ©0.9485
14 1865.00 14.70 60/190 0.9046 0.9046 ©0.9096 ©0.9046 0.9098 0.9872 0.9046
15 1914.62 27.45 60/190 0.8747 0.8745 0.8790 0.8790 ©.9022 1.0067 ©.8790
16 1957.12 14.12 60/190 0.8723 0.8723 ©0.9455 0.9456 ©.9781 1.0208 0.9456
17 1994.00 19.50 60/190 0.8983 0.8983 ©.9997 ©.9995 1.0120 ©.9792 ©.9995
18 2028.22 13.52 60/190 0.9223 0.9223 1.0042 1.0040 1.0181 ©0.9734 1.0040
19 2062.00 17.01 60/190 0.9920 0.9920 1.0209 1.0210 1.0209 ©.9858 1.0210
20 2095.15 16.20 60/190 1.0057 1.0057 1.0063 1.0062 1.0064 ©.9785 1.0062
21 2128.57 17.23 60/190 1.0242 1.0242 1.0124 1.0121 1.0125 ©0.9850 1.0121
22 2188.00 32.20 60/190 0.9403 0.9403 1.0152 1.0152 1.0153 ©.9711 1.0152
23 2253.60 31.40 60/190 0.9444 0.9444 1.0037 1.0037 1.0038 ©0.9899 1.0037
24 2754.00 31.51 64/190 0.9376 ©0.9376 ©.9376 ©.9376 ©.9374 0.9881 0.9376
25 2797.50 10.51 64/190 0.9654 0.9654 0.9645 ©0.9664 0.9646 0.9863 0.9664
26 2860.00 20.01 11/190 0.9504 0.9505 ©0.9505 ©0.9510 ©.9510 ©.9546 ©.9500
27 2916.00 36.01 11/190 0.8956 ©0.8956 ©.9006 ©.9009 0.9029 0.9926 0.9428
28 3011.00 57.01 11/190 0.9098 ©0.9098 ©.9093 ©.9095 ©.9087 ©.9835 ©.9095
29 3105.00 35.01 11/190 ©0.9052 ©.9052 ©.9057 ©.9057 ©.9059 0.9765 0.9057
30 3164.50 22.51 11/190 ©0.9401 ©0.9401 ©.9401 ©0.9401 ©0.9402 0.8957 0.9401
31 3197.00 10.01 11/190 ©0.9298 ©.9298 ©.9298 ©.9298 ©.9300 ©0.8884 0.9298
32 3985.88 34.88 5/190 0.9656 0.9656 0.9669 ©0.9672 ©.9688 1.0976
33 4029.75 8.99 5/190 ©0.9377 0.9377 0.9388 0.9386 ©.9398 1.0918
34 4640.00 35.01 5/190 ©0.9910 0.9910 0.9925 0.9892 0.9890 0.9892
35 4888.85 33.35 6/190 1.0657 1.0657 1.0642 1.0668 1.0805 1.0668
36 4927.35 5.18 6/190 ©.9198 ©.9198 ©0.9446 0.9485 0.9699 0.9485

Average VSF (over windows) 0.9755 ©0.9754 0.99065 ©0.9908 ©0.9912 (1.0021) ©.9920
RMS deviation from mean 0.0320 ©0.0320 0.0285 ©0.0282 ©0.0289 (0.0388) 0.0296



Kitt Peak Lab Spectra:
% RMS fitting residuals

Same data as plotted two slides earlier
(lower left panel) but in tabular form.

Blue highlights lowests value(s)
Red highlights highest value(s)
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MKIV Balloon Spectral Fit Results

Upper Right: Average (over all balloon spectra) of the RMS
spectral fit for each window. The 1700 cm! region has large
RMS fits due to the poor HNO; spectroscopy in the v, band.
Lower Right: After subtracting HIT12 RMS fits.

Lower Left: O; VMR scale factors. Absolute values depend on
the unknown atmospheric Os, but relative values are precise.
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MKkIV Balloon: Retrieved
VMR Scale Factors

Absolute values of these VSFs has no
meaning since we didn’t have an
independent measurement of the O;
profiles.

But relative, window-to-window,
variations in retrieved O are more
significant.

Low O; retrieved 1850-1980 cm'! for all
linelists, except ten18b.

High Oj; retrieved in 3985 and 4029 cm-!
windows for HIT20a linelist, about 15%
larger than other linelists
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hites8

.1061
.0433
.0462
.0791
.0925
.0784
.0555
.0307
.0305
. 9906
.9611
.9139
.8914
.8370
.9152
.9531
.9826
.0532
.0531
.9588
.0041
.9653
.9996
.9383
.0032
.9479
.9487
.9813
.9682
.0345
.0061
.0286
.0516
.9583

1.0155
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.0433
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.0791
.0925
.0784
.0555
.0307
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.9611
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.8911
.8371
.9152
.9527
.9826
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.0531
.9588
.0041
.9653
.9992
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.9479
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.0925
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.0567
.0308
.0305
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.9609
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.8915
.9226
.0287
.0433
.0377
.0694
.0585
.0384
.0687
.9642
.9974
.9376
.0120
.9477
.9487
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.9682
.0341
.0056
.0364
.0607
.9982
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.9139
.8915
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.0428
.0376
.0701
.0582
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.0053
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.0286
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.9861
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.0469
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.0044
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.0541
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Average MKIV Balloon %

RMS Fitting Residuals

Blue highlights lowest RMS value(s)
Red highlights highest RMS value(s)

MKIV balloon spectra at ~20 km tangent
altitude have much larger O; slant
columns than ground-based spectra.
Balloon data provide good validation in
all windows.

Window #1 and 2 are dropped because
they are so saturated by CO, absorption.

In the 1161 cm-! window the HIT16 and
HIT20 linelists are considerably worse
than HITOS or 12.

In windows where O; absorption is weak
(e.g. 2860 cm) the rms fits are
independent of the O; linelist.
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.3588
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.5246
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.5066
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.0949
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.3379
.3787
.3569
.2828
.4252
.8966
.6642
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.5328
.6568
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.2236
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.2658
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Residual

Fits to MkIV Balloon spectrum

at 20.3 km tangent altitude

[llustrating the big improvement in the spectral fitting
residuals in the 4000 cm™! O3 band using HIT20a O
linelist (right) compared with HIT16 (below). Peak

residuals reduced from 9% to 5%. RMS residuals
reduced from 0.88% to 0.61%.
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MKIV Ground-based Atmospheric Spectral Fits

Over 1700-1980, 2800-3100, and 4800+ cm!, O; lines are toc
weak to say anything useful from ground-based spectra.

Retrieved O3 amounts using HIT20a are15% larger in 3985 &
4029 cm™! windows.

Retrieved O3 amounts using Birk20 linelist are 1-2% smaller
than using HITRAN.

Birk20 linelist produces better fits than any other (except for
hiccup at 1044 cm!)
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MKkIV Ground-based:
VMR Scale Factors

Windows # 1 and 2 are saturated by CO,
in ground-based atmospheric spectra.

Windows # 26, 27 the O; lines are too
weak to extract useful VSF values.

Oj; lines too weak 2850-2934 cm-1 to say
anything from ground-based spectra.

TEN18b linelist stops at 3700 cm!.

Birk20 linelist stops at 1180 cm-!.
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.0187
.0084
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.5903
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0.9996
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MKkIV Ground-based:
% RMS fitting residuals

In windows with weak O; absorption, (e.g.
1199, 1706, 1775, 1865, 1905, 2252, 2860,
2916, 3164, 3197 cm!) the RMS residuals
tend to be dominated by interfering gases
and therefore the residuals change little
with Oj; linelist.

Apart from a hiccup in the 1059 cm-!
window (a problem that originates at 1044
cm-1), the Birk20 linelist is the best in
terms of the rms fitting residuals, at least
over 600-1180 cm™! region that it covers.
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MKIV Ground-based Atmospheric Spectral Fits

Residual

| T 'E 7 [ I T [
3
g
1]
il "
f
|
S 3
5 08| 5 o6
b =
= , g
[ | i L]
5 0.4 ! _ AR g 04 '
& li i | M £ |
i TR AN |
0.2 1 EERHL i HNER AN 0.2 i
s b | I i
A
0.0 0.0 ¢SS RN RS %" Birkeo RMS=03478%
1045 1050 1055 1060 1085 1070 1075 1045 1050 1055 1060 1065 1070 1075
Wavenumber (cm™) Wavenumber (em™)
7_-‘," 00thk A A L
¥ 000
3 —-0.01F | =
P2 Birk20 linelist (right) produces significantly ' | e
1.z larger residuals at 1044 cm-1 than any other o2
e liN€list, including HIT16d (left). Zeolar

Transmittance
Transmittance

Not that residual scale on right is nearly
double that on the left

P - L P 0.0 [ PN SR | T
1044.5 1045.0 1045.5 1046.0 1044 .5 1045.0
Wavenumber (cm™)

1045.5 1046.0
Wavenumber {(cm™)



Summary/Discussion/Recommendations

Similar patterns of behavior (retrieved VMR Scale Factor, RMS Residuals) seen in laboratory and atmospheric spectra.

Over the 670-1180 cm-! range that it covers, the Birk20 linelist gives the best/lowest overall RMS fitting residuals. The
Birk20-retrieved O3 amounts are 1-2% smaller than HITRAN, with a slightly smaller window-to-window variation. This is
all true for MKIV balloon & ground-based spectra, and for lab spectra.

In the 1800-2000 cm! region all linelists (except TEN18b) produce a dip in the retrieved O3 amounts, reaching 10% at 1900
cm!. This is true for lab and atmospheric spectra. This is the region with the largest effective E” value (~1200 cm!), but
unlikely due to a temperature error. This dip does not cover the strong lines of the overtone band, centered at 2100 cm-!.

In the 3950-4050 cm! region the HIT20a linelist gives the best fits. But with retrieved O; amounts that are 10-15% larger
than in other windows or linelists. This is true for balloon, ground-based, and lab spectra.

The TEN18D linelist is the least good over the 1000-1200 cm! region in terms of the RMS fits, but is the best in some of the
higher wavenumber windows. The O3 amounts retrieved using TEN18b linelist do not dip in the 1800-2000 cm! region.

In most other windows, the HIT16d linelist gives the best fits.

In creating a new Oj linelist I would use HIT16d as the foundation, with the following changes:

1) Replace by Birk20 over 600-850 and 980-1180 cm! (after fixing problem at 1044 cm!)

2) Replace by hit20a 3950-4050 cm-! after scaling intensities by 1.13

3) Scale intensities to bring into consistency with Birk20. For example, around 1800-1950 & 2900-3200 cm-!, scale by 0.92
4) Perhaps use the TEN18D linelist in places where it is better than HIT16d (1900-3700 cm1)



HIT16d Linelist

The HIT16d linelist was described in a previous O; spectroscopy evaluation:

https://mark4sun.jpl.nasa.gov/report/o3 _spectroscopy evaluation 20170930.compressed.pdf

and 1s based on an improved calculation from Reims group, that I obtained in June 2017 (which I believe became the
official HIT16). I first empirically adjusted the line positions to improve the fits to lab spectra and added 20 new lines to
fill dips in the residuals that couldn’t otherwise be filled.

Having done this, there were still some regions where the fits using the HIT16d linelist produced poorer fits than HITRAN
2012, e.g. 1100-1220 & 1970-2040 cm'. No amount of line position adjustment could remove some of the large positive
residuals in the 1970 to 2040 cm™! region. The offending lines belonged to the 1 0 2 €= 0 0 1 vibrational transitions. The
lines were at the right frequencies, they were simply too strong.

It appears that the intensities of these lines were unchanged since HITRAN 2012, whereas the intensities of the
overlapping 002 € 0 0 0 overtone band had been reduced by 10-15% for improved consistency with the fundamental
band at 1042 cm™!. The resulting inconsistency between the intensities of these two overlapping bands at 1970 to 2040
cm ! was driving up the rms residuals, as compared with HITRAN 2012. So I reduced the intensities of the strongest 1 0 2
€ 00 1 lines by 10%, resulting in a significant improvement in the rms fitting residuals.

In the 1100 1220 cm! region the 2 0 0 € 0 0 1 transitions had been reduced in intensity since HITRAN 2012 by 5 — 25%,
causing an inconsistency with overlapping lines that was driving up the fitting residuals. By restoring these intensities
back to their 2012 values, this problem was fixed.

Also scaled the intensities of the O; 003 € 10 0 transitions by 0.90 over the 1848 to 1958 cm-! region. Before this
scaling, these strongest lines of this band were causing bumps in the residuals. After scaling the RMS residual improved
and the retrieved O; amounts (VSFs) increased, but still remained well below 1.


https://mark4sun.jpl.nasa.gov/report/o3_spectroscopy_evaluation_20170930.compressed.pdf

HIT16d with Birk20
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MKIV ground spectra 1041-1073 cm': Comparing HIT16d with Birk20
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Residuals (Tm-Tec)

Residuals (Tm-Tc)

MKIV balloon spectra 1041-1073 cm-

0.02 : - MKIV balloon: HIT16d
: ! - MKIV balloon: Birk20
3:1
- B -
0.01F 3 i '
3
i
-0.01F f:. !
1045 1 1060 1065 1070
0.02F
0.01F
0.00F
-0.01F
1041 1042 1043 1044 1045

Wavenumber {cm™)

Residual

Residual

0.010
0.005
0.000

~8:8%3

'+ Comparing HIT16d with Birk20

MKIV balloon: HIT16d

0.8

o e
LS o
Ll 1 T I LI | 1 I L) LI | I T L)

Transmittance

0.2 1
' s s

i 4 i
. k E !
it ! H | |:
H ' B 'y
s 4 3
ik ¥
:f + "
FAr — s VR,

L

1055 1060

1045

1050

1065

L I B T
MKIV balloon: Birk20

0.6

0.4

Transmittance

"‘lllllllllll]ll

o
1Y)
.

Y ]
B
1
[

o i
g.ll,-a 4. ad A T

1055 1060
Wavenumber {cm™)

1045 1050

10865



Discussion of O; spectral fits 1041 to 1045 cm™! shown in previous 3 slides

In atmospheric spectra measured from the ground and balloon, fitted using the Birk20 Oj; linelist, peaks are seen in the
residuals at:

e 1042.5 cm’!
e 1043.4 cm’!
* 1044.0 cm’!
e 1044.2 cm’!

These peaks are not seen in fits that used the HIT16d Oj; linelist. The residuals obtained using the HIT16 linelist are
not shown but are generally very similar to HIT16d.

These peaks are not seen in fits to Kitt Peak lab spectra, but the O3 absorption is generally much weaker in the lab
spectra than in the atmospheric spectra. So the problem might well be there, but too weak to show up in the residuals.



