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Abstract Ground-based hydrogen Balmer-a observations from Northern midlatitudes span multiple
solar cycles, facilitating investigation of decadal scale variations, including natural variability in the
hydrogen response to solar geophysical changes. Here we present a reanalysis of ground-based hydrogen
emission observations from the early 1990s and their comparison with observations obtained in 2000-2001
in the context of the extended Northern Hemisphere midlatitude geocoronal hydrogen emission data set.
This work suggests an increase in hydrogen emission intensity between the solar-maximum period of
1990-1991 (Solar Cycle 22) and the near-solar-maximum period of 2000-2001 (Solar Cycle 23), with the
caveat that this is a limited data set and that there are calibration uncertainties discussed in this paper. Solar
activity was higher during the earlier solar maximum period. Thus, the apparent increase in intensity is
counter to previous observations from midlatitudes in which the observed intensity increases with higher
solar activity. This increase was also not seen in comparison of intensities from three solar minima periods.
Further, the apparent increase in intensity is also likely of larger magnitude than model simulations

would predict due to increases in methane and carbon dioxide. We will discuss the reanalysis and recalibration
of the 1990-1991 observations using current analysis approaches and the interpretation of these observations
in the context of observations and modeling of hydrogen variation over different time scales. The detailed
review of the calibration procedures has also provided insights to guide design of future observations.

Plain Language Summary Atomic hydrogen is a key constituent of the thermosphere and
exosphere, the uppermost region of the Earth's atmosphere. Hydrogen in this region is a by-product of
molecules at lower altitudes that contain hydrogen such as water vapor and methane, two of the
greenhouse gases most important to the energy balance of the Earth. The 11-year solar cycle is a major
source of natural variability in the upper atmosphere. Here we present observations of geocoronal
hydrogen emissions (~400 km and above) taken by ground-based Fabry-Perot instruments at Wisconsin
and at the Kitt Peak, Observatory in Arizona. These observations span two solar cycles and suggest an
increase in the geocoronal hydrogen emission intensity between the 1990-1991 solar maximum (Solar
Cycle 22) and the 2000-2001 near-solar-maximum (Solar Cycle 23) periods, with the caveat that this is a
limited data set and there are calibration uncertainties. Solar activity was higher during the earlier solar
maximum period. The apparent increase in intensity is counter to previous observations from
midlatitudes in which the observed intensity increases with higher solar activity. Further, the apparent
increase in intensity is also likely of larger magnitude than model simulations would predict due to
increases in methane and carbon dioxide.

1. Introduction

Long-term data records are essential for understanding natural variability and human impacts on our cli-
mate system (see e.g., Intergovernmental Panel on Climate Change, 2013). Numerical models predict a
whole atmosphere response to increases in greenhouse gases with predicted impacts extending through
the upper thermosphere (Qian et al., 2011; Roble & Dickinson, 1989; Solomon et al., 2018). Satellite drag
measurements are consistent with thermospheric cooling, a predicted signature in the upper atmosphere
of increases in atmospheric carbon dioxide (Emmert, 2015; Emmert et al., 2004). Upper atmospheric
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Figure 1. (reprinted from Gardner, Mierkiewicz, Roesler, Harlander, et al., 2017) illustrates how the shadow altitude is
defined. The shadow altitude is the radial distance from the surface of the Earth to the location at which the observa-
tional line of sight intersects the Earth's shadow for solar Lyman-@ radiation. The radius of this shadow is approximately
100 km larger than that of the Earth's due to the absorption in the upper atmosphere of the solar Lyman-{ radiation. Please
see text for further details.

constituent concentrations, including atomic hydrogen, are also expected to change, but acquiring historical
long-term data records of these constituents is particularly challenging due to the need for remote sensing.

Atomic hydrogen is a key constituent in the near-space thermosphere and exosphere (Chamberlin &
Hunten, 1987). Hydrogen charge exchanges with ions in the plasmasphere (Krall et al., 2018) and is a by-
product of lower altitude constituents containing hydrogen such as methane and water vapor, two species
with large influence on the radiative balance of the Earth's atmosphere (Brasseur & Solomon, 2005). As
the lightest element, hydrogen's relatively longer mean free path enables it to be more globally mixed com-
pared with species at lower attitudes.

Hydrogen is predicted and has been observed to respond to the 11-year solar cycle, a major source of natural
variability in the Earth's upper atmosphere. Multiple numerical and empirical modeling studies (Anderson
et al., 1987; Nossal et al., 2012, 2016; Qian et al., 2018; Tinsley et al., 1986) predict higher hydrogen densities
in the upper thermosphere during solar minimum conditions. Both the National Research Laboratory Mass-
Spectrometer-Incoherent-Scatter 00 (NRLMSISE-00; Picone et al., 2002) and the National Center for
Atmospheric Research Whole Atmosphere Community Climate Model-eXtended (WACCM-X; Liu et al.,,
2018) predict about an order of magnitude higher hydrogen density in the upper thermosphere at solar mini-
mum compared with during solar maximum conditions [see Figure 2 in Qian et al., 2018].

Ground-based Fabry-Perot observation of the geocoronal hydrogen Balmer-o (656.274 nm) emission has
been one of the principal remote sensing techniques for studying geocoronal hydrogen (~400 km and above;
Mierkiewicz, 2019). The Balmer-a emission from atomic hydrogen in the thermosphere and exosphere arises
primarily due to excitation by solar Lyman-£ (102.572 nm) radiation. The shadow altitude is the viewing geo-
metry parameter with the greatest impact on the column emission intensity and is defined as the radial dis-
tance from the surface of the Earth to the location at which the observational line of sight intersects the
Earth's shadow [see Figure 1 and Section 3]. Ground-based Fabry-Perot Interferometers observe an inte-
grated column of the geocoronal Balmer-a emission with most of the emission arising from the base of
the illuminated portion of the column, that is, near the shadow altitude.

The geocoronal Balmer-a emission is directly excited by the solar Lyman-f radiation and arises from the
transitions along the 3P5/, to 25;,, and the 3P, , to 257, fine structure paths of the hydrogen Balmer-« line
(see e.g., Mierkiewicz et al., 2012). Additionally, there is contribution to the Balmer-a signal from cascade
excitation whereby higher-energy solar Lyman line radiation excites the electron in the hydrogen atom to
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energy levels higher than the n = 3 state followed by cascade transitions of the electron back to the n = 3
level. This process results in Balmer-o emission along all seven of the fine structure paths from the n = 3
to n = 2 levels of the hydrogen atom resulting in an approximate 4-5% cascade contribution to the total
hydrogen Balmer-a emission intensity (Mierkiewicz et al., 2012; Roesler et al., 2014) that is depended on sha-
dow altitude (Gardner, Mierkiewicz, Roesler, Nossal, & Haffner, 2017).

Bishop et al. (2001) provide a review and assessment of the contribution to the geocoronal
hydrogen Balmer-a emission from excitation mechanisms other than the resonance fluorescent scattering
described above. They consider Balmer-o emission associated with the recombination of H and e, the exci-
tation by e + H collisional impacts in the upper atmosphere and interplanetary medium, and the energetic
neutral atoms generated in the ring current. They conclude that there is an upper limit of approximately 1
Rayleigh for the Balmer-a emission that can be attributed to excitation mechanisms other than resonance
fluorescent scattering (Bishop et al., 2001).

Ground-based Fabry-Perot observations from midlatitudes indicate that the integrated hydrogen Balmer-a
column emission is higher during solar maximum conditions (Nossal et al., 2012, 2008, 2004). The
Balmer-a emission arises primarily due to excitation by Lyman-f (102.6 nm) radiation from the Sun.
There are few high-resolution measurements of the solar Lyman-f line profile leading to uncertainty in
knowledge of the change in solar excitation flux over the solar cycle; however, extrapolation from solar mini-
mum measurements (Warren et al., 1998) leads to estimates of the Lyman- flux higher at solar maximum,
(see discussion by Bishop et al., 2001, 2004). Additionally, Qian et al. (2018) show through theoretical studies
that the distribution of hydrogen with altitude in the thermosphere is predicted to change over the course of
the solar cycle, likely due to complex dynamical processes. Observations by the GUVI instrument on the
TIMED satellite (Qin & Waldrop, 2016) also show a solar cycle variation in the global hydrogen Lyman-o
observations, with the retrieved hydrogen exobase density higher during solar minimum conditions.
Ground-based Fabry-Perot observations of the hydrogen Balmer-a column emission intensity over
Arecibo, however, show solar cycle variation in the emission only at low shadow altitudes with intensities
higher during solar minimum (Kerr et al., 2001a), opposite to what has been observed in our midlatitude
observations from Wisconsin and Arizona. Kerr et al. (2001b) also report the suggestion of an increase in
the brightness of their hydrogen emission measurements over the period of 1984 to 1994.

As is the case for hydrogen-containing constituents throughout the atmosphere, upper thermospheric
atomic hydrogen is predicted to respond to anthropogenic increases in greenhouse gases. Ehhalt (1986) first
postulated an increase in exospheric hydrogen of about 30% due to increases in stratospheric water vapor
resulting from a doubling of tropospheric methane. In their seminal study of the impacts of greenhouse gases
on the upper atmosphere, Roble and Dickinson (1989) used a one-dimensional version of the NCAR
Thermosphere Ionosphere Mesosphere Electrodynamics General Circulation Model to show that thermo-
spheric temperatures were expected to cool and the densities of upper atmospheric species were predicted
to change in response to simulations involving greenhouse gas doubling, specifically carbon dioxide and
methane. They attributed the ~50% increase in upper thermospheric atomic hydrogen to the doubling of
methane at the lower boundary of the model.

Using an updated version of the one-dimensional model used by Roble and Dickinson (1989) that extends
downward into the stratosphere, Nossal et al. (2016) ran simulation experiments to separately investigate
the effects of carbon dioxide and methane doubling, as well as doubling of both species together, during both
solar minimum and maximum conditions. They found that both carbon dioxide cooling and methane
increases to the source species were predicted to lead to increases in upper thermospheric hydrogen densities
and that this increase was predicted to be of larger magnitude during solar minimum conditions. Over dec-
adal time scales, the predicted impacts of the solar cycle were of larger magnitude than the predicted
increases due to greenhouse gas doubling. To put these numerical experiments into context, historical
increases in methane and carbon dioxide are about 150% and 40%, respectively, since 1750
(Intergovernmental Panel on Climate Change, 2013) and are within a few percent over the time scale of a
solar cycle. The rate of change of atmospheric methane concentrations has been more variable than has that
of carbon dioxide (NOAA Global Greenhouse Gas Network; https://www.esrl.noaa.gov/gmd/ccgg/).

Observations from northern midlatitudes of the Balmer a emission from atomic hydrogen span multiple
solar cycles, facilitating investigation of decadal scale variations, including natural variability in the
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hydrogen response to solar geophysical changes. Here we present results from reanalysis of ground-based
hydrogen emission observations from the early 1990s taken with a Fabry-Perot at the Pine Bluff, WI obser-
vatory. We also compare these observations to those taken earlier in the 1970s and 1980s, presented in
Nossal et al. (1993), but which have not been reanalyzed and reviewed and so have larger uncertainty.
Comparison of the 1990-1991 observations (Solar Cycle 22) with those taken in 2000-2001 (Solar Cycle
23) suggests an increase in hydrogen emission intensity between these two near-solar maximum periods,
with the caveat that this is a limited data set and there remain uncertainties in the calibration. This apparent
increase in intensity was not present in comparison of observations of the hydrogen column emission inten-
sity from three solar minimum periods (Nossal et al., 2008). The Solar Cycle 23 observations (F10.7 134 to
163) were taken with the Wisconsin H-alpha Mapper Fabry-Perot (WHAM) annular-summing Fabry-
Perot instrument from Kitt Peak, AZ, during winter 2000-2001 and with a second annular-summing
Fabry-Perot from Pine Bluff, WI, during February 2000. The Solar Cycle 22 observations (F10.7 181 to
232) were taken with the pre-WHAM Fabry-Perot when it was at the Pine Bluff, WI, observatory. We will
discuss the reanalysis and recalibration of the solar cycle 22 observations using current analysis approaches
and the interpretation of these observations in the context of observations and modeling of hydrogen varia-
tion over different time scales. The detailed review of the calibration procedures has also provided insights to
guide design of future observations to facilitate comparisons of variability over multiple time scales, includ-
ing long-term comparisons.

2. Ground-Based Hydrogen Balmer-Alpha Emission Observations

The observations presented here were taken with three ground-based double-etalon Fabry-Perot spectro-
meters, each coupled to a pointing and tracking siderostat. Fabry-Perot Spectrometers offer the advantages
of simultaneously offering high throughput and resolution (Roesler, 1974). Fabry-Perot spectrometers are
particularly advantageous for observing faint, diffuse, line source emissions such as the Geocoronal
Hydrogen Balmer-alpha emission line (656.3 nm) as well as for observing hydrogen Balmer-alpha emissions
from the Galactic Interstellar Medium (Roesler et al., 1995).

2.1. . “Pre-WHAM?” Scanning Fabry-Perot

The “pre-WHAM” Fabry-Perot used for the solar cycle 22 solar maximum observations during the early
1990s was a scanning Fabry-Perot that sequentially scanned through a spectral range. An aperture limited
the photon collection to the center annulus of the Fabry-Perot interference pattern, and photons were
detected using a photomultiplier tube. Photons were collected during equal spectral intervals in wave num-
ber by measuring the wave number interval using a Michelson Interferometer as reference (Roesler, 1974).
The etalons in the “pre-WHAM?” Fabry-Perot were later used in the Wisconsin H-alpha Mapper Fabry-Perot.
The resolution (A/AX) of the “pre-WHAM” Fabry-Perot was approximately 25,000, and geocoronal observa-
tions were made with integration times of approximately 10 min. Further details about these observations,
including sample spectra, are in Nossal et al. (1993).

The “pre-WHAM” Fabry-Perot instrument was located at the Pine Bluff Observatory near Cross Plains, WI,
at the time of the solar cycle 22 solar maximum observations presented here (43.08°N, 89.67°W). Previously,
the instrument had been located at the Stoughton, WI, Physical Sciences Laboratory.

2.2. . Wisconsin H-Alpha Mapper (“WHAM?”) Annular-Summing Fabry-Perot

Most of the Solar Cycle 23 observations presented here were taken with the Wisconsin H-alpha Mapper
(“WHAM?”) Fabry-Perot when it was located at the Kitt Peak Observatory near Tucson, Arizona (31.96°N,
111.60°W). The WHAM instrument uses the same etalons as did the “pre-WHAM” Fabry-Perot but utilized
the advances of a Charged Coupled Device (CCD) imager rather than photomultiplier detection. The resolu-
tion of the WHAM instrument is ~25,000, and it is coupled to a pointing and tracking siderostat.

The Fabry-Perot interference pattern is imaged onto the CCD and converted to a spectrum using annular-
summing analysis in which equal-area annuli correspond to equal spectral intervals when measured in wave
number increments. The advantages of the annular-summing technique include that photons are collected
in all spectral intervals simultaneously and that the quantum efficiency of the CCD Camera is higher than
that for the photomultiplier, thus increasing the signal to noise and shortening the integration time of the
observation (Coakley et al., 1996).

NOSSAL ET AL.



'AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2019JA026903

The primary purpose of the WHAM instrument is to make an all-sky map of Galactic hydrogen Balmer-
alpha emissions as a probe of the warm ionized component of our Galaxy's interstellar medium. WHAM
was at the Kitt Peak Observatory from 1997 to 2008 where it created an all-sky map of Galactic emissions
from the Northern Hemisphere (Haffner et al., 2003). In 2009 WHAM was moved to the Cerro Tololo
Observatory where it has been making observations of the Southern Sky Galactic Hydrogen emissions
(Haffner et al., 2010, 2016). The Galactic spectra also contain the terrestrial emission and can be used for geo-
coronal studies provided that there is a sufficiently large Doppler separation between the Galactic and ter-
restrial emission lines (Nossal et al., 2001). Additional observations have been made in low Galactic
emission regions (Nossal et al., 2008) and in the zenith direction for geocoronal investigations and observa-
tions have been made of both the geocoronal Balmer-a and Balmer-{ column emission intensity (Gardner,
Mierkiewicz, Roesler, Nossal, & Haffner, 2017; Roesler et al., 2014).

2.3. . Higher-Resolution Annular-Summing Fabry-Perot Interferometer

The data comparison presented here also includes observations taken by a higher-resolution Fabry-Perot
using the annular-summing spectroscopy technique. This instrument was used to take observations from
the Pine Bluff, WI observatory, some of which were taken during the same observing period as the
WHAM Solar Cycle 23 observations and are included here (Gallant et al., 2019; Mierkiewicz et al., 2012).
This Fabry-Perot was coupled to a pointing and tracking siderostat as well as to a CCD Camera. The resolu-
tion of the instrument was ~85,000, sufficiently high to investigate geocoronal spectral line profiles
and intensities.

2.4. . Intensity Calibration

The intensity of geocoronal hydrogen Balmer-alpha column emission observations presented here was cali-
brated using astronomical calibration sources. An advantage of this method is the similarity of the astronom-
ical calibration emission to the terrestrial emission. Both the astronomical hydrogen Balmer-alpha
calibration sources and the geocoronal hydrogen Balmer-alpha emission are diffuse line sources. Both also
are outside of the Earth's atmosphere and so pass through the same optics.

The NGC7000 nebula, also called the North American Nebula (NAN), is the primary calibration source that
has been used by Wisconsin observers for both calibration of the geocoronal hydrogen Balmer-alpha obser-
vations and Galactic interstellar hydrogen emission observations (Scherb, 1981). The patch of NAN used for
our intensity calibration is centered at a Galactic longitude of 85.6° and a Galactic latitude of —0.72° (right
ascension 20h 57m 59s and declination +44d 34’ 50” in J2000 coordinates). Additionally, the portion of
the Barnard's Loop nebula (hereafter referred to as “R8,” Galactic longitude 212.31° and Galactic latitude
of —15.72° right ascension 05h 54m 3.39s and declination —6.07° in J2000 coordinates) was used as a cali-
bration source during times of the year when the NAN was not visible in the night sky (Nossal et al.,
1993). An 0.8° patch of the North American was calibrated using standard stars (Scherb, 1981) and was
found to be 850 + 50 Rayleighs. The North American Nebular calibration of the 1.0° field of view used by
the WHAM instrument was estimated to be 800 R + 10%. Using a series of masks, Mierkiewicz extended this
calibration to other fields of view (Mierkiewicz et al., 2006). The North American Nebular calibration of the
1.4° field of view used by the Pine Bluff high-resolution instrument was calculated to be ~650 Rayleighs
using alternating observations of NAN and the geocorona with a stopped-down field of view (Mierkiewicz
et al., 2006).

Details regarding the calibration and analysis of the WHAM geocoronal observations are described in
Mierkiewicz et al. (2006) and Nossal et al. (2008, 2006). Analysis of the Pine Bluff high-resolution observa-
tions is described in Mierkiewicz (2002) and Mierkiewicz et al. (2006, 2012). The reanalysis of the 1990-
1991 observations (Nossal et al., 1993) is discussed below.

3. Reanalysis Strategy

We reanalyzed the observations taken with the scanning Fabry-Perot at the Pine Bluff Observatory in the
winter of 1990-1991. This effort involved reviewing the notes in the log book to identify sky conditions
and confirm pointing directions as well as using our current analysis programs, including recalculation of
the shadow altitude. We have most of the original spectra in digital form and used the Voigt-fit spectral fit-
ting code to refit the original geocoronal and nebular calibration spectra.

NOSSAL ET AL.
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VoigtFit is a one-dimensional parameter estimation code developed by one of us (Woodward) for spectral
fitting. It uses the Levenburg-Marquardt algorithm to fit multiple Gaussian, Lorentz, and/or Voigt profiles
to a spectrum. For the present work, the most useful of its features are the convolution of an empirical instru-
mental profile with the fit, and the linking of line centers of lines with known offsets, to reduce the number
of free parameters. We then recalibrated the geocoronal observations and reevaluated our assessment of the
uncertainty in the nebular calibration. We also performed sensitivity studies with an updated correction
code to assess differences in tropospheric scattering contributions to the column emissions.

The shadow altitude is the viewing geometry parameter with the greatest impact on the column emission
intensity and thus must be accounted for when comparing observations. The shadow altitude is defined as
the radial distance from the surface of the Earth to the location at which the observational line of sight inter-
sects the Earth's shadow for solar Lyman-f3 radiation. The radius of this shadow is approximately 100 km lar-
ger than that of the Earth's due to the absorption in the upper atmosphere of the solar Lyman-{ radiation.
Figure 1 (reprinted from Gardner, Mierkiewicz, Roesler, Harlander, et al., 2017) illustrates how the shadow
altitude is defined. The shadow altitude specifies the base of the sunlit part of the atmosphere, above which
hydrogen atoms are directly excited by solar Lyman- radiation and through resonant fluorescence, produce
the Balmer-a emission. There is additional contribution from excitation of hydrogen by multiple scattering
of solar Lyman £ into the shadow region.

We used a code derived from telescope pointing machine code of Percival (1994) to calculate the shadow alti-
tude for both the solar cycle 21 (1990-1991) and the solar cycle 22 (2000-2001) observations. This shadow
code uses the same high-precision pointing software and algorithm methodology as the telescope control
systems for the WIYN 3.5 m and WHAM telescopes. The telescope pointing machine code (Percival, 1994)
calculates the shadow altitude and slant path distance using rigorous vector/matrix methods for its transfor-
mations, avoiding spherical trigonometry and its associated singularity problems. A radius of 102 km larger
than the Earth's radius was used when calculating the shadow altitude.

3.1. Reanalysis of the Intensity Calibration

The pre-WHAM scanning Fabry-Perot observations used a portion of the Barnard's Loop nebula (“R8”), as
well as the NGC7000 (North American Nebula, NAN), for the intensity calibration of the geocoronal hydro-
gen emission observations. The intensity of the 0.8° field-of-view region of the NAN used for the intensity
calibration was 850 R +/— 10% (Scherb, 1981; Nossal et al., 1993) and an intensity of 130 R +/—15% has been
used as the intensity of the R8 region used for the calibration (Nossal et al., 1993). The R8 region is present in
the night sky during winter months in Madison when NAN is not observable or only at high zenith angles
when tropospheric scattering uncertainties are greater. One of the principle sources of uncertainty in the
intensity calibration is the uncertainty in the relative intensity determination between the region of R8
and of the NAN used for the calibrations. One of the goals of this reanalysis study was to corroborate the
intensity calibration used in the original analysis of the pre-WHAM observations (Nossal et al., 1993).

There are fewer calibration spectra available for the pre-WHAM Fabry-Perot observations than is the case
for the WHAM annular-summing observations. Fewer calibration spectra were taken with the scanning
instrument because of the longer integration times (approximately 10 min) required compared with the time
required for a WHAM nebular calibration (approximated 30-60 s). To assess sky conditions during the pre-
WHAM observations, peak count rates of the nebular emission were monitored more often than were full
spectral observations. Additionally, the original calibration spectra could only be located for some of the
nebular observations.

We refit original calibration spectra taken with the scanning pre-WHAM Fabry-Perot instrument using the
Voigt-fit spectral fitting code and calculated a “calibration factor” similar to that calculated for the WHAM
observations (Nossal et al., 2008). The intensity of an overlapping geocoronal hydrogen emission line of
about 1-12 R is significant in comparison to the R8 but not the NAN intensity. Thus, when fitting the R8
spectra, we accounted for the geocoronal hydrogen emission intensity. As for the geocoronal spectra, the
time interval per data point was close but not uniform for the data points comprising the nebular spectra.
Thus, we divided the counts in each data point by the time interval to put the data into the format of counts
per second before fitting.

NOSSAL ET AL.
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' — As illustrated in Figure 2, the overlap between the geocoronal and nebular
hydrogen emission lines made it difficult to unambiguously isolate the
. two emission lines. We thus fit both lines together and then subtracted
off the estimated geocoronal emission to calculate the R8 emission inten-
sity. To estimate the intensity of the geocoronal hydrogen emission line
1 that overlaps with the R8 nebular hydrogen emission line, we calculated
the shadow altitude corresponding to the nebular calibration line. We
_ used pointing coordinates corresponding to the J2000 epoch as inputs to
1 the shadow code of Percival and calculated the corresponding shadow
altitude for the time of the observation. Using this shadow information,
i we used the intensity versus shadow altitude dependence from the origi-

nal analysis to estimate the geocoronal emission intensity in the pointing
direction and at the time of the nebular observation.

100
velocity (km/sec)

w0 To compare the variation in the nebular count rate, we defined a nebular
calibration factor, assuming that an R8 intensity of 130 R +/— 15% as pub-

Figure 2. Sample observation by the pre-WHAM Fabry-Perot of a portion of ~ lished in Nossal et al. (1993).

the Barnard's Loop (“R8”), a secondary calibration source to the North
American Nebula (NAN), used when NAN was not visible in the nightsky.

The intensity of the geocoronal line can be calculated from the nebular

The spectrum is plotted using a velocity scale (km/s) on the x axis versus calibration as defined in equation (1) below (see, e.g., Nossal et al., 2008,
counts per second on the y axis, with the “zero” km/s point at an arbitrary 2006, and Mierkiewicz et al., 2006, for more information).
location. The spectral intervals correspond to Doppler shifts to the red to the

right side of the plot. The spectrum includes contributions from both the

Ageo er(sec(ZAgm)—sec(ZANeb)) Exposur € nmeNeb

nebular and overlapping geocoronal emission. Please see text for further Tgeo = Ineb Exposure timegeo )

details.

ANeb

@

where
Igeo  geocoronal intensity
Ineb  intensity of the nebular calibration source
Ageo  area of the geocoronal emission spectral profile
Anep  area of the nebular emission spectral profile
T atmospheric extinction coefficient
ZAge,  zenith angle of the geocoronal observation
ZAner  zenith angle of the nebular observation
exposure timeg., exposure time for the geocoronal observation
exposure timeye, exposure time for the nebular observation

For the reanalysis of the “pre-WHAM?” observations, we used an atmospheric extinction coefficient of T =
0.14, consistent with measurements in Mierkiewicz et al. (2006).

For the photomultiplier data we plot the counts per second, and so the formula above can be reduced to that
in equation (2).

Igeo _ INeb jgeo o (sec(ZAgm, ) —sec(ZAneb )) (2)
Neb

To compare nebular calibration values from different spectra, we define a nebular factor as follows
in equation (3).

o—(sec(ZAng))

Fey = Ineb T Ava 3
e

Then the intensity of the geocoronal line can be calculated as follows in equation (4).
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investigations using the same pre-WHAM instrument when it was earlier

Winter near—solar max intensities located at the Physical Sciences Laboratory in Stoughton, WI. Calibrating

this R8 spectrum with an NAN spectrum taken with the same instrument
gave a value for the intensity of R8 of 153 Rayleighs. There is a possibility
that there may have been a small change in the field of view of the pre-

PBO pre—WHAM winter 1991 (R8 153) ] WHAM instrument when it was moved from the Stoughton, W1, location

to the Pine Bluff, WI, observatory and that this change in the field of view
may have contributed to the discrepancy in the R8 calibration. We further

corroborated the calibration by calculating the intensity of the 0.8° patch
of R8 using the WHAM Galactic map and a flux-weighing approach
described in Gardner, Mierkiewicz, Roesler, Harlander, et al. (2017).
The value of the intensity of R8 calculated in this manner was 129
Rayleighs with the caveat that the WHAM map observations were taken
with a 1° field of view. We present the 1990-1991 observations analyzed
with both the 130 and 153 R values attributed to the intensity of the R8
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Figure 3. (a) The 2000-2001 (Solar Cycle 23) observations (F10.7 134 to 163) 4, Results
were taken with the WHAM Fabry-Perot instrument from Kitt Peak, AZ,
during winter 2000-2001 (red symbols) and with a second Fabry-Perot from  Observations of the hydrogen Balmer-a column emission intensity taken

Pine Bluff, W1, during February 2000 (blue symbols). The 1990-1991 (Solar  during or near two solar maxima periods are plotted in Figures 3a and 3b.

Cycle 22) observations (F10.7 181 to 232) were taken with the pre-WHAM
Fabry-Perot at Pine Bluff Wisconsin. In this figure, the 1990-1991 observa-
tions have been reanalyzed using an R8 calibration value of 130 R (green

The column emission intensity is plotted as a function of shadow altitude
because the shadow altitude is the viewing geometry parameter with the

symbols) and using the North American Nebula calibration (purple sym- greatest impact on the column emission intensity. For a given shadow alti-
bols). (b) Same as (a) except that the 1990-1991 observations have been tude, differences in zenith angle and hence slant path may result in inten-
reanalyzed using an R8 calibration value of 153 R (aqua symbols). sity differences within ~1 Rayleigh (Nossal et al., 2001).

All observations in Figures 3a and 3b are from winter periods and include
observations taken during morning and evening conditions. The observations were taken when the moon
was not visible to avoid reflected sunlight from the moon and during our dates of best sky conditions.
Winter months typically provide better sky conditions and the longest nights for observations. Further, win-
ter comparisons minimize seasonal differences (Gallant et al., 2019). Each period of observations includes
several nights. While the data represent a small number of dates for each data set, we have found that obser-
vations taken during the same observing period are consistent from night to night. The 2000-2001 (Solar
Cycle 23) observations at near solar maximum conditions (F10.7 134 to 163) were taken during lower solar
activity conditions compared with those taken during the solar maximum period of 1990-1991 (Solar Cycle
22; F10.7 181 to 232).

The WHAM observations plotted here were a subset taken in pointing directions toward low Galactic
regions of the sky. The pre-WHAM observations were taken in the zenith direction and at times to avoid
the Galactic plane. All of the observations presented here were corrected for atmospheric extinction. The
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atmospheric optical thickness or extinction coefficient can be calculated using observations of a source such
as an astronomical nebula taken at different zenith angles (see, e.g., Mierkiewicz et al., 2006).

It is more difficult, however, to account for the portion of the signal that arises due to scattering into the
line of sight within the troposphere. We have run sensitivity simulations using a tropospheric scattering
correction code. This code couples a heterogeneous geocoronal source function to a Monte Carlo radia-
tive transfer code of Petty (2002, 2006). The top-of-the atmosphere diffuse source function of Balmer-
alpha emission is defined by a grid of points across the sky, determining time-dependent viewing geome-
try parameters for these points, and then calling the LYAO_RT code of Bishop (1999) to determine the
relative strength of the geocoronal hydrogen emission intensity at each point. We used the NRLMSISE-00
model (Picone et al., 2002) extended to exospheric altitudes with the Bishop (1991, 2001) evaporative ana-
lytic exosphere model (Nossal et al., 2012) as the hydrogen distribution for calculating the geocoronal
source function with the lyao_rt code. This source of geocoronal Balmer-alpha emission across the sky
is then coupled to the Monte Carlo code, which computes the direct (unscattered) and diffuse (scattered)
contributions to the Balmer-alpha emission observed from the ground along a given line of sight.
Tropospheric scattering contributions to the column emission would be expected to be greater at the
Pine Bluff Observatory than at Kitt Peak due to the clearer site conditions at Kitt Peak. Simulations with
our radiative transfer correction code suggest that differences in the tropospheric scattering contributions
between observations from the Kitt Peak, Arizona, and Pine Bluff, Wisconsin, observatories would be
within 1 Rayleigh at lower shadow altitudes and less at higher shadow altitudes. The reanalyzed 1990-
1991 intensity observations as well as the intensity observations taken by the Wisconsin H-alpha
Mapper Fabry-Perot have not yet been corrected for tropospheric scattering. Applying the tropospheric
scattering correction code to individual data points is one of the steps that could be included in the next
phase of the reanalysis to reduce the uncertainty in the relative intensity comparison.

The same observations are presented in Figures 3a and 3b, with a difference in the intensity calibration for
the 1990-1991 observations. The red symbols are a subset of the 2000-2001 observations from the Wisconsin
H-alpha Mapper annular-summing Fabry-Perot when it was located at the Kitt Peak Observatory (Nossal
et al., 2008, 2012). The dark blue symbols are observations taken with a high-resolution annular-summing
Fabry-Perot at the Pine Bluff, WI, observatory during the same observing period as when the WHAM obser-
vations were made. The green symbols in Figure 3a are the 1990-1991 observations calibrated with R8 spec-
tra using an intensity of 130 R for the observed patch of RS, and the purple points are the same 1990-1991
observations using a calibration from with a NAN observation (850 R) taken during the summer and with
the best observing conditions. In Figure 3b, the same 1990-1991 observations are calibrated with R8 obser-
vations from that period, but assuming an intensity value of 153 R for R8 (aqua symbols). In all cases the
1990-1991 observations are of lower intensity than are the 2000-2001 observations.

The intensity of all of the observations presented in this study were calibrated with nebular emissions tied to
a 0.8° patch of the NAN. Figures 3a and 3b illustrate uncertainty in the determination of the intensity of the
R8 secondary calibration source. The calibration of R8 intensity using R8 observations compared with an
NAN observation taken from Pine Bluff, WI, with the pre-WHAM Fabry-Perot with the best sky conditions
gave a value of 130 Rayleighs and was used to calibrate the data presented in Figure 3a. An R8 and an NAN
observation taken in 1987 using the same pre-WHAM instrument when it was earlier located at the Physical
Sciences Laboratory in Stoughton, WI, gave a value for the intensity of R8 of 153 Rayleighs. We used this
intensity calibration value of 153 Rayleighs to calibrate the 1990-1991 observations plotted in Figure 3b.
We believe that there is insufficient information to definitively determine which of the two calibrations of
R8 is more correct, and thus, we present the 1990-1991 data analyzed with both. We present the resulting
difference in retrieved geocoronal Balmer-a column emission intensity as a measure of the uncertainty in
the absolute intensity calibration.

The observations taken with the higher-resolution annular-summing Fabry-Perot instrument when it was
located at the Pine Bluff, WI, observatory are a subset overlapping with the two-week dark moon period
when the WHAM 2000 observations were taken. Additional observations from this Pine Bluff annular-
summing Fabry-Perot are shown in Mierkiewicz et al. (2012). The Balmer a column emission intensities
in Figure 4 of Mierkiewicz et al. (2012) contain observations from throughout the year, and, as shown in
Gallant et al. (2019), the intensity has a seasonal dependence, particularly at low shadow altitudes. To
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Figure 4. The extended Northern Hemisphere midlatitude geocoronal
hydrogen emission data set. An intensity for a midrange shadow altitude
of 2,783 km is plotted in half-year bins spanning winter conditions. The bins
represent multiple spectra, in most cases from multiple nights. We have
been treating the pre-WHAM and the WHAM observations as separate data
sets as indicated by the right-hand dotted line. The original spectra from the
1990-1991 observations have been reanalyzed and included in the middle
section of this plot. The earlier data from the 1970s and 1980s (Nossal et al.,
1993) have not been reanalyzed. An intensity for a midrange shadow alti-
tude of 2,783 km is plotted by year. Superimposed are these reanalyzed
intensities for the 1991 observations at a shadow altitude of 2,783 using the
value of 130 R for the R8 calibration (green circle), the calibration from the
observation of the North American Nebula (purple circle), and the calibra-
tion value of 153 R for the R8 calibration (aqua circle). Error bars indicate
estimates for uncertainty in the relative intensity comparison. Please see text
for further details.

isolate effects other than seasonal and because sky conditions are typically
best in winter, our focus for this reanalysis study is on winter observations.

Figure 4 illustrates the 1990-1991 solar maximum and 2000-2001 near
solar maximum observations in the context of the extended Northern
Hemisphere midlatitude geocoronal hydrogen emission data set. We have
been treating the pre-WHAM and the WHAM observations as separate
data sets as indicated by the dotted line. In Figure 4, an intensity for a mid-
range shadow altitude of 2,783 km is plotted in half-year bins spanning
winter conditions. Each bin typically represents multiple nights and spec-
tra. The solar F10.7 cm flux is included in Figure 5 for reference. A goal of
the study presented here is to work toward merging the two data sets and
to develop observational and analysis strategies to guide future trend stu-
dies of upper atmospheric hydrogen emissions.

The pre-WHAM observations in Figure 4 were analyzed and compared
using a methodology similar to that described in Nossal et al. (1993) by
which observations were taken in ratio to intensities predicted by the
model of Anderson et al. (1987), and then the ratios were fit with a linear
fit. This model is a Monte Carlo model coupled to a radiative transfer code
that predicts ground-based column emission intensities for solar mini-
mum, medium, and maximum conditions. Normalizing the observed
intensity to the model predictions for the corresponding viewing geometry
facilitated comparison without the large intensity variation with viewing
geometry. Additionally, as an alternative to taking an average, this
approach minimized skewing of the results due to clustering of the obser-
vations at certain solar depression angles, which occurred in some of the
data sets (Nossal et al., 1993). For the data comparison, we chose to ratio
all of the pre-WHAM observations to the Anderson et al. (1987) solar max-
imum submodel to minimize variation due to differences in the submo-
dels. For the majority of the observations, the ratios were closest to
unity for intensities compared with the solar maximum submodel, inde-

pendent of solar conditions [see Figure 6 in Nossal et al., 1993], and overall the ratios were more invariant
with shadow altitude compared with when all the observations were ratioed to the solar minimum or med-
ium Anderson et al. (1987) submodels.
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Figure 5. Daily Solar Radio F10.7 cm flux. These data were downloaded

from the LASP Interactive Solar Irradiance Data Center (http://lasp.color-
ado.edu/lisird/data/noaa_radio_flux/).

In Figure 4, the pre-WHAM observations are taken in ratio to predictions
using the Anderson et al. (1987) solar maximum submodel and then the
ratio at a solar depression of 45° is determined using a linear fit to the
ratios as described in Nossal et al. (1993). The pre-WHAM observed-to-
model intensity ratios are then normalized to the intensity of 4.15 R, the
corresponding reanalysis intensity at a solar depression of 45° for the
1991 observations. The 1991 pre-WHAM observations were taken in the
zenith direction, and the corresponding shadow altitude for a solar
depression of 45° was 2,783 km. This comparison at a midrange shadow
altitude reduces uncertainty due to higher intensities observed at low sha-
dow altitudes during dawn compared with intensities at the same shadow
altitudes during dusk conditions (Gallant et al., 2019).

For the original analysis of the pre-WHAM data (1970s, 1980s, and 1990-
1991; Nossal et al., 1993), the data bins contained observations from a half
year period with the point plotted at the midpoint of the time interval. The
points plotted in Figure 4 are those spanning winter months and are thus
a subset of those included in Figure 6 of Nossal et al. (1993). Each bin con-
tains multiple observations (see Figures 3a, 3b, and 6 of this paper and
Figures 3, 4, 7, and 9 in Nossal et al., 1993). In some cases there are
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Figure 6. WHAM observations of the geocoronal hydrogen Balmer-a column
emission during different solar conditions taken between December and the

the WHAM winter data points. We then used the inverse log of this fit
as the fit to the intensities from which we determined the intensity

Spring equinox and in observing directions pointed toward very low Galactic value at 2,783 km for each year. We used this method to reduce arti-
emission regions of the sky. The data were taken during exceptional clear-sky ficial undulations in the fit arising from uneven spacing of data points
conditions when the moon was not visible. The 1997 solar minimum (F10.7 69~  gyer the shadow altitude range (Nossal et al., 2012).

76) data are from 10 nights of observations, the 2000 and 2001 near solar maxi-

mum data (F10.7 134-163) are from eight nights of observations, the 2004 solar ~ The black star at 1991 in Figure 4 is the original ratio of the observed

medium data (F10.7 100-118) are from five nights of observations, the 2006 solar ¢ Anderson et al. (1987) solar maximum model intensity, normalized

minimum data (F10.7 75-77) are from two nights of observations, and the 2008
observations are from two nights of observations (F10.7 69-70). The observations
are the primary measurements, corrected for atmospheric extinction but not for

to 4.15 R. This data point corresponds to the right-most ratio in the
top panel of Figure 6 of Nossal et al. (1993). To merge the pre-

tropospheric scattering. See text and Nossal et al. (2008) for discussion of WHAM and WHAM data sets, we also used the fitting method

uncertainties.

applied to the WHAM observations in our reanalysis of the 1991

observations. We plotted the reanalyzed 1991 column emission inten-
sities versus shadow altitude as shown in Figures 3a and 3b and took the log of these intensities. We then fita
fifth-order polynomial to the log of these intensities to determine the fit and the corresponding intensity at a
shadow altitude of 2,783 km. Superimposed on Figure 4 are these reanalyzed intensities for the 1991 obser-
vations at a shadow altitude of 2,783 using the value of 130 R for the R8 calibration (green circle), the cali-
bration from the observation of the NAN during our best sky conditions during the summer months (purple
circle), and the calibration value of 153 R for the R8 calibration (aqua circle).

Assessment of uncertainty becomes increasing difficult and of larger magnitude as we go backward in time.
We used the scatter in the data to make an initial estimate of the relative uncertainty in the intensity. For
the WHAM observations we calculated this relative uncertainty in the intensity to be +0.25 R.
Additionally, there is a systematic +10% uncertainty in the absolute intensity calibration, but this is a scaling
factor for all of the WHAM data and does not affect the relative comparisons in intensity between WHAM
observations. An estimate for the uncertainty for the relative intensity comparison for the 1990-1991 pre-
WHAM observations is about +0.375 R based on scatter in the data. These uncertainties are included in
the error bars in Figure 4. The reanalysis of the 1990-1991 observations indicated further uncertainty in
the absolute intensity calibration of the R8 secondary calibration source. The impact of this uncertainty is
described above and illustrated in the differences between the calculated intensities in Figures 3a and 3b
and the points at 1991 in Figure 4. The earliest observations likely have higher uncertainty due to, for exam-
ple, the lower sensitivity of the photomultiplier detection. Using scatter in the data, we have estimated the
uncertainty in the relative intensity to be about +0.5 R for the 1980s data and the 1970s data.

Both the 4.15R normalization intensity and the WHAM intensities have been corrected for atmospheric
extinction, but not for tropospheric scattering into the line of sight. As explained above, we used sensitivity
studies to estimate contributions to uncertainties in the relative intensity comparison due to tropospheric
scattering. Other sources of uncertainty are differences in viewing geometry and presence of Galactic emis-
sion. The WHAM observations included in this study were pointed toward low Galactic emission regions
(<0.6R; Nossal et al., 2008), and the pre-WHAM observations (Nossal et al., 1993) were taken in directions
to avoid the Galactic plane to reduce the uncertainty due to the Galactic emission. We have included an
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additional +0.25 R uncertainty for the 1970s, 1980s, and pre-WHAM 1990s column emission intensity obser-
vations; +0.15 R for the reanalysis 1990-1991 observations; and an additional +0.125 R uncertainty for the
Wisconsin H-alpha Mapper intensities to more fully include the contributions of tropospheric scattering,
Galactic emission, and other sources of uncertainty in the relative intensity comparison. Thus, our estimate
of the combined uncertainties associated with the relative intensities for the 1970s and 1980s pre-WHAM
observations is +0.75 R, for the 1990-1991 pre-WHAM observations is +0.625 R (original analysis) and
+0.525 R (reanalysis), and for the WHAM observations is +0.375 R (see figure 4).

An additional analysis note is that when we reanalyzed the 1990 and 1991 original geocoronal and calibra-
tion spectra, the 1990 intensities were higher than those from 1991 (see Figures 3a and 3b) although the
reverse was true in the original analysis (see black symbols in Figure 4). A contributing factor may be that
in the reanalysis, the geocoronal spectral overlap was accounted for in determining the nebular calibration.
Additionally, there may have been a few spectra included in the original analysis from nights where sky con-
ditions were not pristine adding to scatter in the data. The solar F10.7 cm flux was higher for the 1990 obser-
vations than for the 1991 observations. In a future phase of reanalysis, fitting all of the pre-WHAM
observations with the polynomial method used for the WHAM analysis and including observations in addi-
tional viewing geometries for some years with gaps in shadow altitude coverage could improve the accuracy
of the comparison shown in Figure 4.

The solar radio flux at 10.7 cm over the period of our observations is plotted in Figure 5 as a proxy of solar
activity and is higher during the Solar Cycle 22 maximum period of the 1990-1991 observations compared
with conditions during the 2000-2001 near solar-maximum observations. These data were downloaded from
the University of Colorado's Laboratory for Atmospheric and Space Physics (LASP) Interactive Solar
Irradiance Datacenter (http://lasp.colorado.edu/lisird/data/noaa_radio_flux/). Also included on the LASP
site are a composite solar Lyman o (121.6 nm) data set (http://lasp.colorado.edu/lisird/data/composite_
lyman_alpha/) including measurements from multiple instruments as discussed by Woods et al. (2000)
and an empirical solar Lyman alpha model based on SOHO/SUMER observations (http://lasp.colorado.
edu/lisird/data/lyman_alpha_model_ssi/; Kretzschmar et al., 2018). They show on the order of about 10%
higher solar Lyman « during the 1990-1991 solar maxima period compared with the 2000-2001 period of
our observations. More recent Lyman o observations by the SEE instrument (http://lasp.colorado.edu/
lisird/data/timed_see_lines_13/) track closely with SEE Lyman { observations, though the solar Lyman
variation is of slightly larger amplitude over the solar cycle (http://lasp.colorado.edu/lisird/data/timed_
see_lines_13/). However, these Lyman line observations are line integrated measurements, and it is the line
center portion of the solar Lyman {3 emission that excites the geocoronal hydrogen Balmer-a line. There are
few high-resolution measurements of the Lyman {3 line profile, adding uncertainty. If we assume that the
SOHO/SUMER solar Lyman {3 line shape (Warren et al., 1998) measured during low solar activity is similar
to that under high solar activity, an assumption made by Bishop et al. (2004), then we might expect that the
line center solar Lyman £ flux would also be higher during the 1990-1991 period.

5. Discussion

The observations presented here suggest an observed increase in the geocoronal hydrogen column emission
intensity between the 1990-1991 solar maximum and the 2000-2001 near solar maximum periods, with the
caveats that this is a limited data set and that there are uncertainties in the intensity calibration and other
analysis factors. Agreement between the northern midlatitude observations from Pine Bluff, WI, and Kitt
Peak Observatory during the same observing period suggests that the difference in intensity between the
two solar maximum periods is likely not due to the observatory location.

An apparent increase in the hydrogen emission intensity between the 1990-1991 solar maximum period and
the 2000-2001 near solar maximum period is counter to what we might expect given observations of the
response of hydrogen Balmer-a column emission to changes in solar activity. Observations by the
Wisconsin H-alpha Mapper Fabry-Perot during different solar conditions indicated a statistically significant
solar cycle variation with observed intensities approximately 50% higher during solar maximum than during
solar minimum conditions (Nossal et al., 2004, 2008, 2012). Figure 6 shows the solar cycle variation of the
geocoronal hydrogen emission intensity observed by WHAM and plotted versus shadow altitude. This pre-
vious knowledge of the solar cycle influence would suggest that the hydrogen column emission intensities
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would thus be higher during the Solar Cycle 22 observations, counter to what was observed. Further, the
geocoronal hydrogen emission intensity during three solar minima was consistent within uncertainties, as
illustrated in Figure 6 in Nossal et al. (2008).

The F10.7 cm flux range for the 1981 observations was roughly comparable to the range for the 1990-
1991 observations as was the case for the 1982 observations, but some of the 1982 bin observations were
taken during lower F10.7 conditions (see Figures 4 and 5). In this paper, we have chosen to focus on the
comparisons between the 1990-1991 and 2000-2001 observations because we were able to refit and reca-
librate the 1990-1991 original spectra, enhancing the accuracy of the comparison. Reviewing log notes
for weather and pointing directions and calculating the shadow altitude with our current program
should increase the accuracy of future comparisons with the 1970s and 1980s observations, even if the
original spectra may not be available.

The apparent increase in the geocoronal hydrogen Balmer-o column emission intensity between two
solar maximum periods is likely of larger magnitude than the response predicted by the NCAR one-
dimensional version of the Thermosphere Ionosphere Mesosphere Electrodynamics General
Circulation Model. Simulation sensitivity experiments with this model predicted an increase of approxi-
mately 40% in the upper thermospheric hydrogen density in response to a doubling of carbon dioxide
and methane at solar maximum as illustrated in Figures 5 and 6 in Nossal et al. (2016). Historical
increases in methane and carbon dioxide, however, are about 150% and 40%, respectively, since 1750
(Intergovernmental Panel on Climate Change, 2013) and are within a few percent over the timescale
of a solar cycle. The trend is more variable for methane than for carbon dioxide. Further, these simula-
tions predicted that the hydrogen density would have a response to greenhouse gases of larger magni-
tude at solar minimum rather than at solar maximum conditions (Nossal et al., 2016). Future modeling
with a three-dimensional model coupled to the troposphere that includes geographic, solar cyclic, sea-
sonal, and diurnal information such as with the National Center for Atmospheric Research Whole
Atmosphere Community Climate Model-eXtended (WACCM-X; Liu et al., 2018) should produce more
accurate predictions for the thermospheric hydrogen response to greenhouse gas forcing, facilitating
more accurate comparisons with observations.

The transport of solar Lyman 8 radiation is a nonlinear process including excitation via multiple scattering of
hydrogen atoms within the Earth's shadow. Forward modeling with a radiative transfer code can be used to
more accurately compare observations with model simulations by using the simulated density profiles
coupled with the radiative transfer code to calculate intensities that would be observed from the ground
(Gallant et al., 2019; Nossal et al., 2012). For the Gallant et al. (2019) and Nossal et al. (2012) studies, the
NRLMSISE-00 model (Picone et al., 2002) was used to generate both the hydrogen density profile and the
background thermosphere. The profile was extended upward using the analytic exospheric model of
Bishop (1991). This model atmosphere was then coupled to the global resonance radiative transfer code
of Bishop (1999) to calculate hydrogen Balmer o column emission intensities that would be observed from
the ground. Future work using this forward modeling approach would facilitate more accurate comparisons
between our observations and the WACCM-X model simulations of the response of hydrogen to solar varia-
bility and greenhouse gases.

Long-term observations with a single instrument at a clear air site would minimize uncertainties in the
trend analysis and would be particularly beneficial if the instrument was at a location close to the mid-
latitude sites of the previous observations. Taking calibration observations of multiple nebular sources
on the same night, when possible, would aid in the intercalibration of secondary sources. Much of
the year this is not possible when only one source is visible in the night sky. The approach used by
Mierkiewicz et al. (2006) in which alternating observations of calibration sources and the geocorona
are made with a stopped down field of view is useful for comparing calibrations of instruments with
different fields of view as well as for taking observations of nebular regions with small fields of view
to assess the uniformity of the intensity of the nebular calibration sources over the fields of view used
for observations. The selection of a suite of Galactic observations for monitoring when taking terrestrial
observations can corroborate the intensity calibration due to the invariance of the Galactic emission
intensities. Additionally, geocoronal observational sequences can be designed to include those taken
in directions of low Galactic emission and in the zenith directions throughout the night to facilitate
comparisons with like viewing geometries.
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6. Conclusions

We have used current analysis procedures to review and reanalyze geocoronal hydrogen emission observa-
tions and calibration spectra taken by the pre-WHAM Fabry-Perot interferometer from Wisconsin during
the 1990-1991 period. Comparison of the 2000-2001 near-solar maximum geocoronal hydrogen Balmer-a
emission observations with reanalysis of the 1990-1991 observations suggests an apparent increase in the
hydrogen emission intensity between these two solar maximum and near-maximum periods, with the caveat
that this is a limited data set and there are uncertainties in the calibration. This is a somewhat surprising
result. This apparent increase in the hydrogen Balmer-a column emission intensity was not present in com-
parison of observations of the hydrogen column emission intensity from three solar minimum periods.

The data suggest the possibility of upper thermospheric hydrogen increases larger than would be expected
due to current understanding of the response of hydrogen to solar cycle changes and increases in green-
house gases. Solar activity was higher during the earlier solar maximum period. Thus, the apparent increase
in intensity is counter to previous observations from Northern midlatitudes in which the observed intensity
increases with higher solar activity. Additionally, the apparent increase in intensity is also likely of larger
magnitude than would be consistent with model simulations of the response of upper thermopsheric hydro-
gen to increases in methane and carbon dioxide. Further, model simulations predict that a larger increase in
thermospheric hydrogen due to increases in greenhouse gases would occur during solar
minimum conditions.

The analysis of these observations provides guidance for optimizing future observational strategies regarding
viewing geometry sequences and for including multiple approaches to corroborate the calibration.
Comparisons of WHAM Southern Hemisphere observations and of future hydrogen emission observations
during similar periods of the solar cycle would aid in corroborating the apparent increase in emissions in our
Northern midlatitude observations and contribute to addressing the question of whether there are increases
in hydrogen emissions of larger magnitude than would be predicted by model simulations of increases in
greenhouse gases.
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