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Abstract Current and previous thermospheric remote sensing missions use N, Lyman-Birge-Hopfield
(LBH) band dayglow emission measurements to retrieve line-of-sight thermospheric composition and
temperature. The precision of thermospheric composition and temperature retrieved from observations
depends on the uncertainty in the relative LBH vibrational populations. In the laboratory, electron impact
induced LBH emission measurements have shown that the relative vibrational populations change with gas
pressure. However, it is not fully understood how these populations change for dayglow observations where
the emissions that contribute to the observations vary with solar illumination and line-of-sight geometry. We
quantify the relative vibrational populations as a function of solar zenith angle (SZA) and tangent altitude using
Global-scale Observations of Limb and Disk mission's LBH dayglow observations. We find that, while some
lower vibrational levels show potential enhancement with increasing pressure (decreasing altitude), in general,
they do not change significantly with SZA or tangent altitude for dayglow observations. The vibrational
populations can thus be assumed as fixed parameters when retrieving neutral disk temperatures from remotely
sensed LBH dayglow observations.

1. Introduction

Emissions from the N, Lyman-Birge-Hopfield (LBH) band system (a'Il; — X'X}) have been used extensively
for thermospheric remote sensing (e.g., Budzien et al., 1994; Eastes et al., 1985, 2017; Evans et al., 2020; Paxton
etal., 1999). Neutral disk thermospheric temperatures can be retrieved from the rotational structure of LBH bands.
Temperature retrievals are typically performed utilizing data-model comparisons, either using look-up tables or
least-squares fitting (e.g., Aksnes et al., 2006; Meier et al., 2015, etc.). Similarly, thermospheric compositions can
be derived from LBH (and OI 135.6 nm) brightnesses. Therefore, the reliability of derived thermospheric temper-
ature and composition depend on accurate LBH emission models. However, discrepancies between observations
and simulations have been reported (e.g., Budzien et al., 1994). Such discrepancies indicate that LBH vibrational
populations based solely on theoretical Frank-Condon factors (FCF) do not adequately represent the observed
LBH band excitation mechanisms.

LBH band emissions arise from cascade and direct excitation. The cascade processes are mediated by transition
to and from two nearby states: a’'Z; <> a'll, and w'A < a'll,. Cascade excitation occurs via two mechanisms:
radiative transitions and collision induced electronic transitions (CIET). The CIET mechanism (please see Eastes
& Dentamaro, 1996, and references therein for details) is pressure dependant, and in the Earth's atmosphere will
vary with altitude. The a'Il ¢ (referred as a-state hereafter) state's vibrational population distributions (v") and their
total sum (the emission cross section) provide information on LBH emission processes. Here we provide a brief
overview of the historical context of LBH cross section and vibrational population measurements and estimates
of cascade contributions. For a more detailed history, see Ajello et al. (2010).

Early laboratory measurement of electron impact induced LBH emission by Ajello (1970) saw that lower vibra-
tional populations (v’ < 2) increased with pressure. This was attributed to collisional transfer of vibrational energy
from upper to lower v’ levels at higher pressures. A follow up measurement by Ajello and Shemansky (1985)
found that the cascade contribution to LBH emission was small (<5%) and only the lower v' populations devi-
ated from theory at energies <20 eV. This deviation at lower energies was attributed to energy threshold effects
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(lower levels get excited at smaller energies). The LBH cross section were measured by Cartwright, Chutjian,
et al. (1977); Cartwright, Trajmar, et al. (1977) and modeled (along with relative vibrational populations) in
auroras by Cartwright (1978). Their cross section estimation agreed well with measurements by Ajello and
Shemansky (1985) where the cascade contribution was minor. These early studies suggested either that the cascade
contribution to LBH emissions are negligible or that the measurement predominantly captured direct emission.
A limiting factor for early lab measurements had been the size of the electron-impact chamber. While LBH
emissions from direct excitation can only occur up to 10 cm from the impact center, the cascade emissions with
their longer lifetime occur more easily beyond the 10 cm limit (Ajello et al., 2017). Ajello and Shemansky (1985)
used a chamber (32 cm in diameter) that they estimated covered 72% of the radiation field. Recent laboratory
measurements performed inside a large chamber (~1.2 m in diameter) have isolated the cascade contribution
to LBH emission (Ajello et al., 2017, 2020). It was seen that the v’ < 2 populations were always enhanced for
cascade emissions and this enhancement increased with gas pressure. Earth's N, LBH dayglow emission occurs
via photo-electron impact at different pressures (altitudes). However, variability in the LBH emission cross
section and vibrational populations for daytime observations has not been adequately quantified. Thus, labora-
tory measurement of electron-impact induced LBH v’ populations and the emission cross sections by Ajello and
Shemansky (1985) or Young et al. (2010) have been used by most researchers.

Early analyses of the relative LBH vibrational populations using dayglow measurements were reported by Eastes
et al. (1985) and Budzien et al. (1994). Budzien et al. (1994) showed that the LBH cascade emission contribution
was more significant (45% of direct emission) than expected. Consequently, the observed LBH brightnesses were
about 1.4—1.6 times higher than model calculations that excluded cascade effects. Other studies have used differ-
ent scale factors to account for cascade effects in modeling LBH dayglow brightness (e.g., Strickland et al., 2004,
use a scale factor of 1.4). Eastes (2000) attempted to calculate cascade effects when modeling the LBH emissions.
Their modeled brightness was 1.55 times brighter when cascade effects (both radiative + CIET) were included.
This factor (1.55) is consistent with the factor used by Budzien et al. (1994) (1.4-1.6) to match their model with
dayglow observations. However, Eastes (2000) used significant assumptions in their analysis.

The Global-scale Observations of Limb and Disk (GOLD, Eastes et al., 2017) spectrograph onboard the SES-14
commercial satellite has been making LBH dayglow measurement since late 2018 from a geo-stationary orbit.
GOLD's synoptic thermospheric LBH observations have already contributed to new understanding of eclipse
induced composition (Aryal et al., 2020) and geomagnetic storm induced temperature (Laskar et al., 2021)
changes. GOLD's high resolution (~0.2 nm), high signal-to-noise (SNR) dayglow measurements allow better
separation of LBH bands. Better separation of the bands result in reduced degeneracy between the vibrational
populations and the rotational temperature during retrievals. Thus, GOLD observations improve the quantifi-
cation of the LBH vibrational populations and rotational temperatures compared to previous missions. Using
GOLD's limb observations, vibrational populations at tangent altitudes of 100-150, 150-200, and 200-250 km
were recently reported (Figure 4 in Ajello et al., 2020). Enhancements were seen in the lower vibrational levels
(v' < 2), especially at 100-150 km where the atmospheric pressure is higher than 150-200 and 200-250 km.
Laboratory derived vibrational populations from the paper also show enhanced low v’ populations at pressures
(~5 mTorr) comparable to the lower thermosphere (Figure 8 in Ajello et al., 2020). While these enhancements
have mostly been attributed to cascade effects, energy threshold effects also have a minor contribution. In this
paper, we expand on the observationally constrained analysis of Ajello et al. (2020) by quantifying variations in
dayglow LBH vibrational populations as a function of altitude (i.e., pressure) for different seasons and geographic
locations. We also quantify the dayglow LBH vibrational populations at different solar zenith angles (SZA) using
GOLD's disk measurements. The primary objective of this study is to determine if relative LBH vibrational
populations vary significantly with SZA or tangent altitudes for dayglow observations. This will enable better
modeling of thermospheric LBH dayglow observations using GOLD or other FUV missions.

2. Observation Data

GOLD is an FUV imaging spectrometer (~133-165 nm) and sits above 47°W longitude in a geo-stationary
orbit. GOLD's three interchangeable entrance slits can be selected to achieve different resolutions (0.21, 0.35,
or 2.16 nm). GOLD's two identical channels, each with its own mirror, can independently scan the Earth's upper
atmosphere. Eastes et al. (2017), McClintock, Eastes, Hoskins, et al. (2020), and McClintock, Eastes, Beland,
et al. (2020) provide more details on the GOLD instrument and its operations. Since its launch in late 2018,
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Summed disk spectra May 14-16,2019
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Figure 1. Normalized (to 138.3 nm peak) Global-scale Observations of Limb and Disk (GOLD) mission's disk spectra (137-155 nm) from 14—16 May 2019.
Observations are from 5 to 10°N geographic latitude and 40-50° longitude. They are further binned by solar zenith angle (SZA): 0—10° (magenta), 30-40° (red),
60-70° (blue) and 80-90° (black). Measurement uncertainties (multiplied by a factor of 10) are also shown.
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Figure 2. Altitude profiles of Lyman-Birge-Hopfield (LBH) band emission's
contribution function (nadir viewing) at 0°, 37°, 53°, 66°, 78°, and 90° solar
zenith angles (SZAs). Neutral temperature profile from NRLMSIS-00 model
is also shown for reference (top abscissa). The contribution functions was
calculated using the Atmospheric Ultraviolet Radiance Integrated Code
(AURIC, Strickland et al., 2004) dayglow model in combination with the LBH
band model of Budzien et al. (1994) using an NRLMSISE-00 atmosphere and
NRLEUV solar irradiance spectrum (Lean et al., 2003) appropriate for solar
minimum conditions. Notice that the altitude of peak contribution and the
neutral temperature are both increasing with SZA. EMA = Emission Angle.

GOLD is making regular daytime disk, limb, occultation, and nighttime
partial-disk scans at a cadences of 24, 6, and 15 min, respectively.

The disk dayglow scans are made by scanning from the eastern to the western
limb. Northern and southern hemispheric scans are made separately (12 min
cadence each) at a spectral dispersion of 0.04 nm/pixel. The disk scan's
spatial resolution (in Level 1C files) is 125 km by 125 km at nadir. GOLD
limb dayglow observations are made at the eastern (~34°E tangent longitude)
and the western (~129°W tangent longitude) limbs in between the northern
and southern hemisphere disk scans. The limb data are sampled at increments
of ~16 km tangent altitude (1.25° angular). For this study, we use GOLD's
disk and limb spectra (137-155 nm) observed within 5-10°N latitude and
40-50°W longitude.

Normalized spectra from GOLD's disk observations within 5-15°N
geographic latitudes and 40-50°W longitude on May 14—16 2019 at 0-10°,
30-40°, 60-70°, and 80-90° SZA bins are shown in Figure 1. Since the alti-
tude of peak LBH emission increases as the SZA increases (see Figure 2)
the corresponding atmospheric pressure (altitude) is decreasing (increasing).
The disk scan's spatial resolution is lower (compared to 125 km by 125 km
at nadir) at higher latitude and emission angles leading to spatial smearing.
We limit this smearing by only selecting data within 5°~15°N latitude and
40°-50°W longitude. We fit an LBH spectral model to each binned spectrum,
allowing the vibrational populations to vary during the fit.

GOLD makes limb observations up to 450 km tangent altitude, but the data
below 100 km and above 250 km have relatively poor SNR, thus, we only use
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Figure 3. Normalized (to 138.3 nm peak) Global-scale Observations of Limb and Disk (GOLD) mission's limb spectra (137-157 nm) from 18 to 22 UT on 14-16 May
2019. The spectra are constrained to SZA <40° and summed from 100 to 150 km (black), 150-200 km (red) and 200-250 km (blue) tangent heights. Measurement
uncertainties multiplied by a factor of 10 are also shown for each spectrum.

spectra within 100-250 km tangent altitude. Normalized limb spectra at 100-150, 150-200, and 200-250 km
tangent altitudes, summed from 18 to 22 UT (western limb scans) on 14-16 May 2019 with SZA < 40° are
shown in Figure 3. During a typical limb scan, a range of tangent altitudes is sampled along the slit length. This
introduces smearing in the altitude dimension (especially away from the equator) when the slit gets projected onto
tangent altitude grids (see Figure 1 in Evans et al., 2020). Thus, we constrain data selection to within 5°~15°N
geographic latitude to limit the effect of this smearing.

3. Spectral Fitting

We use the Levenberg-Marquardt (LM, Levenberg, 1944; Marquardt, 1963) least-squares () minimization tech-
nique to fit model spectra to GOLD's observations. We use definition of Bevington et al. (1993, Chapter 8),
where y? is the root square sum of the data-model residual divided by the measurement uncertainty. Here, data
(spectra) is the coadded corrected counts (after flat field correction and background removal, see McClintock,
Eastes, Beland, et al., 2020, for details). The spectral random uncertainty is the square root of the summed raw
counts from the selected measurements. We use 15% of corrected counts as background uncertainty as suggested
in GOLD's release notes (http://gold.cs.ucf.edu/wp-content/documentation/GOLD_Release_Notes_Rev4.4.pdf)
and assume no sensitivity change for a given wavelength. The random and the background uncertainties are
added in quadrature to estimate the total uncertainty of the coadded spectra. The LBH band model of Budzien
et al. (1994) is used to generate high-resolution spectra for each of the LBH v’ = 0-6 progressions using the FCF
vibrational distribution expected for direct excitation (Benesch et al., 1966). The simulated ro-vibrational lines
are shifted and convolved with a Gaussian point spread function (PSF, full width half max: ~0.01 nm) and then
re-sampled match GOLD's spectral resolution (full width half max: ~0.19 nm). The Gaussian lineshape was
sufficient to model pre-flight OI 135.6 nm doublet laboratory spectra measured by GOLD (McClintock, Eastes,
Hoskins, et al., 2020). Contributions from atomic nitrogen multiplets at 141.2 and 149.3 nm are excluded from
the fitting. The (4,2) and (3,3) LBH bands, which overlap with the 141.2 and 149.3 nm multiplets, respectively,
are also excluded.
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Figure 4. Derived relative vibrational populations at 0—10° (red and
dotted), 30—40° (blue and dashed), 60-70° (green and dash dot) and 80-90°
(cyan) solar zenith angle (SZA) bins. Relative Frank-Condon factors (FCF)
vibrational populations are shown in black for reference. The spectra used to
derive these populations are shown in Figure 1.

The MPFITFUN (https://www.13harrisgeospatial.com/docs/mpfitfun.html)
subroutine for the Interactive Data Language (IDL,https://www.13harris-
geospatial.com/Software-Technology/IDL) is used to perform the minimiza-
tions. Rotational temperatures are derived first, using only the (2,0) band
(~137-139 nm) and FCF (from Lofthus & Krupenie, 1977) vibrational
populations (as fixed parameters). The vibrational populations for v/ = 0-6
are then derived performing the LM fit a second time using the tempera-
ture derived in the first step as a fixed parameter. Using the second step
reduces the number of fit-parameters while deriving the relative vibrational
populations. The 1-o uncertainties in the retrieved temperatures and vibra-
tional populations are obtained and scaled (by a factor of y/reduced y2) as
described in Bevington et al. (1993, Chapter 8). The fitted vibrational popu-
lations are passed as inputs again to the band model to obtain the full LBH
(110-360 nm) and individual vibrational level's brightnesses. The relative
populations are then the brightness ratio of a particular vibrational level to
the full LBH band. This final step accounts for the effect of pre-dissociation
included in the band model (details in Section 4.1). The uncertainties of the
final relative populations are assumed to be the same as the LM-fitted relative
populations.

4. Results
4.1. Vibrational Populations Binned by SZA Using Disk Observations

Figure 4 shows the derived vibrational populations at 0-10°, 30-40°, 60-70°,
and 80-90° SZA bins using GOLD's disk observations. The model fit to the

0-10° disk SZA spectra is shown in Figure 5 as an example. As pre-dissociation of the a-state above v/ = 6

accounts for ~12.23% (Ajello & Shemansky, 1985) of the total FCF, all relative populations are normalized
to a system total of 0.877 (appropriate for ~300 K). Following Budzien et al. (1994), for v’ = 6 we assume 0%
predissociation for rotational levels (J') < 13 and 100% for J’ > 13. Using the temperature dependence of predis-

sociation determined from the Budzien et al. (1994) model, we find that the error introduced by assuming a fixed
total system normalization of 0.877 is ~1% for temperatures between 600 and 900 K.

1.5 e—e Data B
= o——e Model Fit g

1.0~ —

Summed Counts (X10%)

140 145 150 155
Wavelength [nm]

Figure 5. Comparison between the 0-10° solar zenith angle (SZA) spectra
(black) and its modeled LM fit (red). Data uncertainties (times 10) are also
shown at every 20 points for reference. The modeled spectra was obtained at a
temperature of 621 K by optimizing the Lyman-Birge-Hopfield (LBH) band's
relative vibrational populations using a LM fit.

It is seen that the relative vibrational populations at different SZA bins are
quite similar. All low v’ levels (<2) are enhanced relative to the theoretical
estimates. The v/ = 4 populations are more scattered and have higher uncer-
tainties. This most likely occurs because one of the v/ = 4 band overlaps
with the atomic 141.2 nm line and is removed from fitting, and the other
v’ = 4 bands are weaker (see Figure 6). For the 30—40° SZA case, the higher
v = 4 population (compared to other SZA) seems to have lowered the rela-
tive v/ = 1 and v = 2 populations due to normalization. The v = 6 level
populations are significantly lower (>50%) than theoretical population due
to pre-dissociation. The vibrational populations at 0-10°, 30—40°, 60-70°,
and 80-90° SZA are quantified in Table 1. Any minor differences in the SZA
binned populations are almost negligible.

In Table 2 we examine the changes in the retrieved temperatures for three
different sets of vibrational populations. The disk temperatures are retrieved
for the 14-16 May 2019 SZA binned spectra using following fixed popula-
tions: (a) v’ from 80 to 90° SZA and fitting 137-148 nm LBH spectra, (b)
v’ from 0 to 10° SZA and fitting 137-148 nm LBH spectra and (c) fitting
only the (2,0) band peak with fixed FCF vibrational populations. Note that
all of the temperatures are increasing with SZA as expected. While the SZA
also varies with the local time (LT) and a recent study saw ~50 K change
on average from 12 to 14 LT (Laskar et al., 2021), our measurements are
confined to a narrow range of longitude (within 15° of nadir) and have the
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Figure 6. Summed Global-scale Observations of Limb and Disk’s (GOLD's) spectra (black) and modeled spectra showing emissions from different bands (various
colors). Also note a slight shift in location between model and data peaks. During fitting, a constant shift parameter accounts for the data-model mismatch in peak

locations.

same average LT. The temperature increases rapidly with increasing altitude (and hence with SZA, see Figure 2)
when compared to LT changes and will dominate. Disk temperatures derived using fixed vibrational populations
from different SZA bins do not deviate significantly (<5 K, see Table 2). However, temperatures derived using
only the (2,0) band are slightly different (~+30-50 K). This implies that any one of the SZA-binned vibrational
population set could be used as fixed parameters without affecting the LBH based disk temperature retrievals.

4.2. Vibrational Populations Binned by Tangent Altitude Using Limb Observations

Figure 7 shows the derived vibrational populations for 100-150, 150-200, and 200-250 km, respectively. Aver-
ages of spectra (at SZAs <40°) from 6 to 10 UT on 14-16 May 2019 (shown in Figure 3) were fitted with the
LBH spectral band model using the method described in Section 3. All the derived relative populations are
normalized to 0.877. The v' = 0 populations are slightly enhanced for 100-150 km and 150-200 km where

Table 1
The Relative Vibrational Populations at 0—10°, 30—40°, 60-70° and 80-90° SZA Bins for 14—16 May 2019 From 14 to 16
ur

SZA bins

v’ level FCF 0-10° 30-40° 60-70° 80-90°

0 0.043 0.072 + 0.002 0.072 + 0.002 0.073 + 0.002 0.073 + 0.002
1 0.115 0.132 + 0.002 0.133 + 0.002 0.134 + 0.002 0.128 + 0.002
2 0.170 0.172 + 0.002 0.173 + 0.002 0.172 £ 0.002 0.164 + 0.002
3 0.182 0.177 + 0.004 0.176 + 0.004 0.175 + 0.004 0.176 + 0.005
4 0.159 0.169 + 0.005 0.170 + 0.005 0.170 + 0.005 0.184 + 0.007
5 0.121 0.112 + 0.003 0.113 £ 0.003 0.114 + 0.003 0.118 + 0.005
6 0.082 0.041 + 0.003 0.040 + 0.003 0.038 + 0.004 0.035 + 0.006

Note. Typical reduced y* values ranged from ~2 to 15.
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Table 2

Temperature Derived With Different Sets of Fixed Vibrational Population

for 14-16 May 2019 Disk Spectra

the atmospheric pressure is higher compared to 200-250 km. Otherwise,
the relative vibrational populations do not differ significantly, but, they are
all different from the theoretical FCF populations. The lower vibrational

Temperature (K)

levels (v' < 2) for all altitude bins are significantly enhanced relative to the

Fixed v at 80-90°

Fixed v at 0-10°

theoretical FCF (by a factor of ~1.93 at 100-150 km for v = 0) as previous

(2,0) Band studies have reported (e.g., Ajello et al., 2020; Budzien et al., 1994). Similar

SZA bin SZA SZA with fixed FCF

to the SZA binned case, the v' = 4, and additionally the v/ = 3 populations
0-10° 587+9 383+9 621+8 have more scatter and higher uncertainties. These most likely occurs because
30-40° 594 £9 590 +£9 623 +38 the v/ = 4 and the v = 3 bands that overlap with the atomic lines at 141.2 and
60-70° 654 + 10 651 + 10 677 + 10 149.3 nm, respectively are removed from fitting. The v' = 6 relative popula-
80-90° 752 + 15 750 + 15 777 + 6 tions are significantly (>50%) lower than the relative FCF populations due

Note. Notice that temperature derived using (2,0) band and theoretical FCF

is different from others.

Observed Franck-Condon Factor qv'0

0.05

to pre-dissociation.

Analyses were also performed for different longitudes (eastern and western

limb) and seasons (November and May). Relative vibrational populations for

eastern (6—-10 UT) and western (18-22 UT) limb for the 100-150 km and
200-250 km tangent altitude bins are shown in Table 3. These populations are also almost identical and no
longitudinal variation is observed. Eastern limb's (6—10 UT) vibrational populations at 100-150 and 200-250 km
bins on 14-16 May 2019 and 15-30 November 2018 are shown in Table 4. These populations also do not differ
significantly and no seasonal dependence is seen.

The enhancement of v/ = 0 at 100-150 and 150-200 km compared to 200-250 km (lower pressure) suggests
potential pressure dependence (see Tables 3 and 4). However, below ~150 km, O, photoabsorption in the
Schumann-Runge (S-R) continuum attenuates the LBH bands. While the attenuation is especially significant
below 100 km, it could affect the relative vibrational populations at 100-150 km. We used the Naval Research
Lab Mass Spectrometer Incoherent Scatter Radar-00 (NRLMSIS-00, Picone et al., 2002) O, density profile
and the O, photoabsorption cross section (from Gibson et al., 1983) to calculate the photoabsorption optical
depth from 100 to 150 km at 1 km increments. Their average is assumed to be the “effective” optical depth for
100-150 km. Using the “effective” optical depth to attenuate the 200-250 km spectra (expected to have negli-
gible photoabsorption), we found that the relative change in the band peaks (compared to 200-250 km spectra)
are mostly within the spectral uncertainties. Only the LBH band peak near 155.5 nm with the only contribution
from v' = 0 (see Figure 6) is slightly higher than the 1-¢ uncertainty. But, our calculation of the optical depth did
not account for the LBH contribution function (Figure 2). The spectra from altitudes near 150 km will contrib-

ute more to the signal, and for these altitudes, the calculated optical depths

were only slightly smaller than 1. Additionally, a recent study using GOLD's
stellar occultation observations showed that the NRLMSIS-00 O, densities
were ~10%-30% greater than measurements around 100-240 km (Lumpe

100-150 km
50-200

et al., 2020). Therefore, the O, photoabsorption optical depth we calculated
is most likely an overestimate of actual optical depth. Thus, the effect of O,
photoabsorption on the relative LBH vibrational populations at 100—-150 km
are assumed to be negligible.

The uncertainties (obtained from the minimized LM fit's co-variance matrix)
in vibrational populations for both SZA and tangent altitude bins are ~10%.
To verify these uncertainties, we used the monte-carlo method on the 14-16
May 2019 disk spectra at 30-40° SZA. We varied the spectra randomly up
to + measurement uncertainty 1,000 times and derived the vibrational popu-
lations. The standard deviations of the vibrational populations were consist-
ent with the uncertainties obtained from LM fit's co-variance matrix (see

chapter 8 in Bevington et al., 1993). The fitted minimum y? ranged from ~2

a-state vibrational level

Figure 7. The relative vibrational populations using the Levenberg-Marquardt
(LM) fit at 100-150 km (red and dotted), 150-200 km (blue and dashed) and
200-250 km (green and dash dotted) tangent altitudes during 14-16 May 2019
at 610 UT (shown in Figure 3). Theoretical FCF vibrational populations are
shown in black for reference.

to 20. Higher y? values most likely results from using a constant wavelength
shift (optimized to match the band peak near 138 nm) and Gaussian FWHM
for a given fit. GOLD's release note shows that the wavelength shifts and
Gaussian FWHMs change at different slit locations and wavelength (Figures
3-10 and 3-11, respectively, in the release note). We attempted to limit this
effect by using two different shift parameters (one for below and the other for
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Table 3
The Relative Vibrational Populations at 100-150 and 200-250 km Tangent Altitude Bins on 14—16 May 2019 for Eastern
(610 UT) and Western (18-22 UT) Limbs

100-150 km 200-250 km

v’ level FCF East West East West

0 0.043 0.086 + 0.002 0.083 + 0.002 0.080 + 0.002 0.081 + 0.002
1 0.115 0.137 + 0.003 0.132 + 0.002 0.143 + 0.002 0.144 + 0.002
2 0.170 0.174 + 0.003 0.172 + 0.003 0.181 + 0.003 0.180 + 0.002
3 0.182 0.167 + 0.006 0.170 + 0.005 0.181 + 0.005 0.179 + 0.004
4 0.159 0.177 + 0.006 0.179 + 0.006 0.158 + 0.005 0.157 + 0.005
5 0.121 0.102 + 0.004 0.106 + 0.004 0.102 + 0.004 0.105 + 0.003
6 0.082 0.033 + 0.004 0.035 + 0.004 0.033 + 0.004 0.032 + 0.003

Note. Typical reduced 2 values ranged from ~5 to 20.

above 146 nm), but this step still resulted in data-model band peak location mismatch at other places and similarly
higher y? values. We limit the effect of significantly different FWHM and wavelength shifts by only summing
data around fixed slit locations where the variations are smaller. Other minor factors for higher y? values could be
co-adding spectra from different thermospheric temperatures, and decrease in detector sensitivity at wavelengths
>150 nm, etc. Additionally, there are weak features that are present in GOLD's atmospheric spectra (e.g., near
148 and 155 nm), but not in the model or the lab spectra (Figure 7 in McClintock, Eastes, Hoskins et al., 2020).
We removed these unknown features from the fit and it resulted in minor decrease in the y? values. Since most of
the optimized y? values are >1 in the manuscript, we scale the derived parameter's uncertainties as suggested in
Bevington et al. (1993, Chapter 8).

4.3. Comparison Between the Disk and Limb Vibrational Populations

The effective LBH emission altitude for disk observation is ~150 km for SZA < 70 (see Figure 2). Thus, we use
the 14-16 May 2019 Western limb spectra averaged from 140 to 160 km to compare with the disk vibrational
populations from the same day. We binned the limb spectra (140-150 km) at 0-10°, 30—40° and 60-70° SZA and
performed the spectral fitting. Figure 8 shows that the populations are consistent with both the regular disk and
limb populations for the same day.

5. Summary

We have quantified relative LBH band vibrational populations as a function of SZA and tangent altitudes
corresponding to GOLD's disk and limb dayglow measurements. Binning by tangent altitude and SZA is

Table 4
The Relative Vibrational Populations at 100—-150 and 200-250 km Tangent Altitude Bins on 14—16 May 2019 and 15-30
November 2018 for Eastern Limb (610 UT)

100-150 Km 200-250 Km

v’ level FCF May November May November

0 0.043 0.086 + 0.002 0.082 + 0.002 0.080 =+ 0.002 0.078 £ 0.002
1 0.115 0.137 + 0.003 0.137 + 0.003 0.143 + 0.002 0.143 + 0.003
2 0.170 0.174 + 0.003 0.173 + 0.003 0.181 + 0.003 0.180 + 0.003
3 0.182 0.167 + 0.006 0.172 + 0.005 0.181 + 0.005 0.187 + 0.005
4 0.159 0.177 + 0.006 0.172 + 0.006 0.158 + 0.005 0.151 = 0.006
5 0.121 0.102 + 0.004 0.106 + 0.004 0.102 + 0.004 0.103 + 0.004
6 0.082 0.033 + 0.004 0.036 + 0.004 0.033 + 0.004 0.035 + 0.005

Note. Typical reduced y* values ranged from ~35 to 20.
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0.20—

Observed Franck-Condon Factor qv'0

equivalent to binning by atmospheric pressure. For all SZAs and tangent

30-40 SZA: LIM | ) ] ) 3
***** 30540 Sefdisk — altitudes, lower v’ populations are enhanced compared to their theoreti-
—— Theory i cal FCF values. This suggests that, for thermospheric LBH dayglow emis-

1 sion, cascade processes are significant. Energy threshold effects can have
a minor contribution to the low v’ enhancement in dayglow emissions.
1 Similar low v’ enhancement was also reported previously in studies that
quantified thermospheric LBH dayglow population using limb measure-
1 ments (see e.g., Budzien et al., 1994). All the v = 6 vibrational popu-
lations are significantly (>50%) lower than the FCF populations due to
1 pre-dissociation. The derived set of relative vibrational populations for
different SZA and tangent altitude bins are quite similar to each other.
. Only the v’ = 0 vibrational populations are enhanced significantly (factor

L 7] of 1.93 with respect to FCF at 100-150 km) at 100-150 and 150-200 km

r 1 where the pressure is higher (and O, photoabsorption more significant)

0.00 b compared to 200-250 km. The v’ = 0 level is enhanced by a factor of ~1.8

0 ! g—state vibrational Iev:I 5 6 at 200-250 km with respect to FCF. Vibrational populations for v’ > 0 at

different tangent altitude bins did not change significantly with respect to

Figure 8. The relative vibrational populations for limb observations (14—16 each other. Thermospheric temperature retrievals using LBH spectra need

May 2019) at 140-150 km and further binned at 30—40° solar zenith angle
(SZA) is shown in red (and dotted). The disk vibrational populations binned
at 30-40° SZA is shown in blue (and dashed) and the regular limb vibrational

population at 150-200 km tangent altitude

these vibrational populations as fixed or varying parameters. Using any set
of vibrational populations obtained here for different SZA bins does not

is shown in green (and dash dotted) change the retrieved disk temperatures significantly (<5 K). Thus, same set

for the same time period. Theoretical vibrational populations are shown in of vibrational populations can used in temperature retrievals reducing the

black for reference.
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