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Abstract The effect of solar proton events on the daytime O2 and OH airglows and ozone and atomic
oxygen concentrations in the mesosphere is studied using data from the Sounding of the Atmosphere
using Broadband Emission Radiometry (SABER). Five events occurred in September 2005, December 2006,
March 2012, May 2013, and June 2015 that satisfy two criteria: the maximum proton fluxes are larger than
1000 pfu, and daytime data in the high latitude region are available from SABER. The event in December 2006
is studied in detail, and the effects of all five events are compared in brief. The results indicate that all four
parameters in the mesosphere decrease during the events. During the event in 2006, the maximum
depletions of O2 and OH dayglow emission rates and ozone and atomic oxygen volume mixing ratios at
70 km are respectively 31.6%, 37.0%, 42.4%, and 38.9%. The effect of the solar proton event changes with
latitude, longitude, and altitude. The depletions due to the stronger events are larger on average than those
due to the weaker events. The depletions of both dayglow emission rates are weaker than those of ozone and
atomic oxygen. The responses of O2 and OH nightglow emissions around their peak altitudes to the SPEs are
not as strong and regular as those for dayglow in the mesosphere.

Plain Language Summary This paper uses Sounding of the Atmosphere using Broadband
Emission Radiometry observations to study the responses of four parameters, O2 airglow emission at 1.27
μm and OH airglow emission at 1.6 μm and ozone and atomic oxygen mixing ratios, to solar proton events.
The focus is put on the daytime; meanwhile, the results for nighttime are compared with those for daytime in
brief. The event in December 2006 is studied in detail as an example. The variations of the responses with
latitude, longitude, and altitude are analyzed. Other events are also analyzed in brief. It is the first time that
the responses of OH airglow and atomic oxygen to solar proton events are studied. The results indicate that
both dayglow and daytime ozone and atomic oxygen in the mesosphere decrease in all solar proton events
(SPEs). The SPE affects both O2 and OH dayglow emissions in the mesosphere strongly, and therefore, they
can be used as a tracer of the impacts of the SPE on the atmosphere. This study can make us understand the
effects of solar proton event on O2 and OH airglow emissions and ozone and atomic oxygen further.

1. Introduction

A solar proton event (SPE) is one of the important ways by which energy is transported from the Sun to the
Earth’s atmosphere. It provides a direct connection between the Sun and the Earth’s middle atmosphere
[Verronen, 2006]. During an event, the highly energetic solar protons precipitate into the Earth’s atmosphere
and cause considerable ionization of the neutral middle atmosphere. Furthermore, the ionization of the neu-
tral atmosphere and the ion chemical reactions following the ion pair production cause variations of atmo-
spheric composition. For example, odd hydrogen and nitrogen in the middle atmosphere increase during
SPE. The increase of odd hydrogen and nitrogen can cause the ozone to decrease through accelerating
the catalytic ozone loss cycles involving these species.

Plenty of investigations have been devoted to the responses of atmospheric compositions, especially ozone,
to SPEs.Weeks et al. [1972] found an obvious ozone decrease during the SPE in November 1969, based on the
data observed in a rocket experiment. This was followed by additional investigations including observations
and model simulations devoted to the influences of the SPEs on the chemical compositions of the middle
atmosphere. Based on the Nimbus-4 satellite observations during the SPE in August 1972, Heath et al.
[1977] found that the ozone column above 4 hPa decreased by about 15% at high latitudes and the
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depletion lasted for 2 months; the ozone in the latitude range of 55°N–65°N also decreased but recovered
soon; the ozone in the lower latitude region showed no obvious change. The influences of SPEs of solar cycles
21 and 22 on the middle atmosphere were further studied based on the satellite observations including
Nimbus-4, Nimbus-7, Solar Mesosphere Explorer (SME) satellites, and so on (e.g., Jackman et al. [1990], and
the references in that paper). The early work was reviewed by Verronen [2006].

More recently, satellite observations used to investigate the responses of the middle atmosphere to the SPEs
of solar cycles 23 and 24 include the Upper Atmosphere Research Satellite [Kukoleva and Krivolutskii, 2013],
Aura satellite [Damiani et al., 2012; Päivärinta et al., 2013; Jackman et al., 2014], Odin satellite [Degenstein
et al., 2005], the Environmental Satellite (Envisat) [von Clarmann et al., 2012, 2013; Damiani et al., 2012;
Friederich et al., 2013; Sinnhuber et al., 2014], and so on. In addition, models including the Whole
Atmosphere Community Climate Model [Damiani et al., 2012], the thermosphere-ionosphere-mesosphere-
electrodynamic general circulation model [Jackman et al., 2007], the Sodankylä Ion and Neutral Chemistry
model [Verronen et al., 2006, 2011; Verronen and Lehmann, 2013], and other models as described by Funke
et al. [2011] have been used to simulate the influences of the SPEs on the middle atmosphere. Based on
the satellite observations and model simulations, our knowledge of the effects of the SPE on the middle
atmospheric compositions and dynamics has improved.

Airglow is the result of photochemical processes, and therefore, it is often used to retrieve atmospheric com-
positions including ozone and atomic oxygen. It is also an effective tool for remote sensing of atmospheric
temperature, horizontal wind, and waves because it is modulated by atmospheric dynamics. In addition, air-
glow is an important way that the atmosphere loses energy, and therefore, it affects atmospheric energy
deposition [e.g., Mlynczak et al., 2007]. Airglow data can give information about reactions without needing
to know temperature and many non-LTE parameters that are poorly constrained by laboratory measure-
ments. For example, the OH emission can tell you about the energy released from the reaction of ozone
and hydrogen without the need to know the concentrations of the two reactants or the reaction rate and
its temperature dependence. While it is indeed very important to study the atmospheric composition and
waves, it is also very important to understand the airglow and its dependence on various environmental con-
ditions. The OH Meinel bands and O2 airglow emissions are two of the most important airglow emissions in
the mesosphere/lower thermosphere (MLT) region. They play an important role in the remote sensing of
atmosphere in the MLT region. For the OH Meinel band emission, the reaction O3 + H → OH(ν ≤ 9) + O2 is
the main source, although there still is some debate on the contribution that the reaction
HO2 + O→ OH(ν ≤ 6) + O2 plays in the OH airglow emission [see Xu et al., 2012]. The v in these formulae indi-
cates a vibrationally excited state. The reaction indicates that the OH Meinel band emission is directly related
to ozone and hydrogen. The O2(ɑ

1Δg�X3∑�g Þ(0�0) infrared atmospheric band dayglow with a wavelength of

1.27 μm (referred to as O2 dayglow emission hereinafter) is directly related to ozone because the dominant
process that generates the excited state is the photolysis of ozone. The O2 dayglow emission can thus be
used to derive ozone [Mlynczak et al., 2001, 2007]. SPE can affect the airglow emission through affecting
the chemical composition, including the concentrations of ozone and hydrogen. Therefore, both the OH
Meinel band and O2 airglow emissions may be affected by the SPE and, vice versa, could be effective tools
to study the response of the mesosphere to SPE.

However, there has been little research on the influence of the SPE on O2 airglow emissions in the meso-
sphere to date. Thomas et al. [1983] found that the ozone density derived from O2 dayglow observed by
the SME satellite decreased during the SPE on 13 July 1982; the maximum depletion was 70%. The depletion
of O2 dayglow below 80 km was due to odd hydrogen production and associated depletion of ozone [Spear
and Solomon, 1987]. Degenstein et al. [2005] used data observed by the Optical, Spectroscopic, and Infrared
Remote Imaging System (OSIRIS) instrument on Odin satellite to investigate the variation of ozone during the
SPE that occurred on 28 October 2003. In their study, the ozone was determined from the O2 dayglow emis-
sion. The OSIRIS observations began approximately 6 h after the start of the SPE event, lasted for about 11 h,
and ceased about 2 h before the proton fluxes reached their peaks. During the period, the O2 dayglow emis-
sion and ozone concentration decreased; the depletion of mesospheric ozone at 65 km increased from 50%
at the beginning to 75% when OSIRIS was turned off. The actual maximum depletion could not be deter-
mined as observations ceased while the proton fluxes had not reached their peaks but could have been even
greater. Degenstein et al. [2005] pointed out that if the downward trend continued at its observed rate, then
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the ozone at 65 km would have reached zero by 29 October 2003 18:00 UT. The observations and investiga-
tions of a complete process of the influence of the SPE on the O2 airglow emission during the full duration of
SPE are still needed to further understand the effects of the SPE on airglow emissions.

In addition, the relationship between OH airglow emission and SPE has not been verified. Most of the studies
of OH airglow emission focus on the nightglow, which originates mainly from the altitude range of
80–100 km (as shown by Gao et al. [2010, 2011]). There are few studies of OH dayglow emission. The mechan-
isms of OH dayglow may be more complicated than OH nightglow because of the possible role of additional
reactions driven by photolysis and involving short-lived excited states. A recent study by Gao et al. [2015]
indicated that the OH dayglow emission was strong not only between 80 km and 100 km but also below
80 km. At some local time hours, the OH dayglow emission in the MLT region is composed of two layers;
the upper layer has a similar altitude range as to that of the OH nightglow, while the lower layer is below
80 km. We are not aware of any previous reports of a relationship between OH dayglow and SPE. If a response
of the OH dayglow to SPE can be determined, it will provide a new variable for investigating the response of
the atmosphere to SPE.

As mentioned above, the sources of both the O2 and OH dayglow emissions depend on ozone. Because of
the rapid interactions between ozone and atomic oxygen [Smith et al., 2010; Mlynczak et al., 2013], the OH
and O2 airglow emissions are also related to atomic oxygen (O) concentration. Having knowledge of the
variations of O3 and O during the SPE is helpful for understanding the responses of dayglow emissions.
More importantly, it is the case throughout the mesosphere that O3 and O cannot be decoupled; investigat-
ing one with no knowledge of the other makes it difficult to put together a coherent picture of the chemical
system. It has been difficult to gain a quantitative assessment of changes to the odd oxygen family rather
than to ozone alone. Previous studies have demonstrated the response of ozone to SPE with a variety of data,
but the response of atomic oxygen has not been shown. Investigation of the relationship between atomic
oxygen and SPE can improve our understanding of the responses of the odd oxygen family to SPE.

The observations and investigations of dayglow emissions mainly depend on satellite experiment since it is
hard to observe the dayglow emissions from the ground. The Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) on board the Thermosphere-Ionosphere-Mesosphere Energetics and Dynamics
(TIMED) satellite has been observing the radiances at 10 wavelengths including OH Meinel bands and O2

airglow emission during both daytime and nighttime since January 2002. The quality of the SABER radiance
data is excellent; these data have been used to derive atmospheric temperature and composition including
ozone and atomic oxygen, which are widely used in many studies [e.g., Xu et al., 2014; Smith et al., 2010,
2013]. The length of this data set now exceeds 15 years. Several strong SPEs occurred during this period.
This provides us with the opportunity to study the impact of the SPEs on the OH and O2 airglow emissions.
The main purpose of this work is to study the effects of the SPE on the OH and O2 dayglow using the SABER
observations. The effects of the SPE on ozone and atomic oxygen are also investigated in order to diagnose
the processes contributing to the dayglow responses and to understand the relationship between the
SABER odd oxygen family and the SPE. We also briefly compare the responses of OH and O2 nightglow emis-
sions around their peak altitudes to the SPE with dayglow emissions in the mesosphere. A short introduction
to the data set and method used in this work is given in section 2. In section 3, the temporal evolutions of
OH and O2 dayglow emissions, ozone, and atomic oxygen volume mixing ratios during the SPE on 7
December 2006 are analyzed in detail. The responses of the daytime OH and O2 airglow and ozone and
atomic oxygen mixing ratios to five SPEs are compared. The responses of the nighttime OH and O2 airglow
and ozone and atomic oxygen mixing ratios to the SPE are analyzed and compared to daytime results. In the
last section, the main results of this paper are summarized.

2. Data and Method

The proton flux used in this study is observed by the Geostationary Operational Environmental Satellite
(GOES). The 5 min integral fluxes of the protons with three energy levels (≥10 MeV, ≥50 MeV, and
≥100 MeV) are used. The OH and O2 airglow emissions and ozone and atomic oxygen volume mixing ratios
used in this study are from TIMED/SABER. TIMED was launched on 7 December 2001; SABER began making
observations in late January 2002 and, to date, continues to operate well. The satellite has about 15 orbits
a day (14.837 Revs/d). The latitude range of SABER observations is from 53° in one hemisphere to 83° in

Journal of Geophysical Research: Space Physics 10.1002/2017JA023966

GAO ET AL. EFFECTS OF SPES ON DAYGLOW 7621



the other; the hemispheric coverage changes with TIMED yaw maneuvers about every 60–65 days. The satel-
lite precesses slowly and takes about 60–65 days to complete the full 24 h range of local time coverage.
SABER is a 10-channel radiometer, whichmeasures 10 emissions including two OH airglow bands with central
wavelengths at 1.6 μmand 2.0 μm, O2 airglow at 1.27 μm, O3 emission at 9.6 μm, etc. The signal-to-noise ratio
of the SABER ozone channel exceeds a factor of 100 in the lower mesosphere and exceeds a factor of about
20 at 90 km. The signal-to-noise ratio of the SABER OH 2.0 μm channel is very high, ranging from a factor of
100 to 1000 at the peak [Mlynczak et al., 2013]. The signal-to-noise ratio for O2 airglow channel exceeds 1000
below 90 km tangent altitude [Mlynczak et al., 2007]. Based on these excellent quality directly observed emis-
sions, products including vertical profiles of atmospheric temperature and density, ozone density from two
independent retrievals, atomic oxygen density, and atomic hydrogen density have been retrieved. Gao
et al. [2015] summarize the retrieval processes; see references in that paper for complete descriptions. The
present study uses profiles of the OH airglow emission at 1.6 μm, the O2 dayglow emission at 1.27 μm,
and the ozone and atomic oxygen volume mixing ratios from version 2.0 of the SABER analysis software.
The ozone volumemixing ratio used in this paper is derived from the O3 emission at 9.6 μm, and the daytime
atomic oxygen volume mixing ratio is derived from the ozone [Smith et al., 2010; Mlynczak et al., 2013]. The
nighttime atomic oxygen is derived from OH airglow emission at 2.0 μmbased on the photochemical models
of OH airglow. The uncertainty of daytime atomic oxygen is less than 30%, assuming that the ozone uncer-
tainty is about 20% in the MLT region, and the uncertainty of nighttime atomic oxygen is less than 25%
[Mlynczak et al., 2013]. The study by Kaufmann et al. [2014] indicated that the SABER atomic oxygen during
the night was significantly larger than those observed by some other satellite including Scanning Imaging
Absorption Spectrometer for Atmospheric Chartography. Even if the SABER atomic oxygen is overestimated,
it will not affect the results of the present study since we focus on the relative variation of atomic oxygen dur-
ing the SPEs. Data are sorted by day versus night and ascending versus descending part of the orbit. Before
the detailed analysis, each profile from the SABER data set is interpolated in the vertical direction to
1 km spacing.

As mentioned by Verronen [2006], tens of SPEs may occur during a solar cycle but in only a few cases do
the protons have energies sufficient to penetrate down to the middle atmosphere. Between the years 2002
and 2016, GOES observed 13 SPEs for which the maximum flux of the protons with energy ≥10 MeV is
larger than 1000 particle flux units (pfu, where pfu = particles cm�2 s�1 sr�1; see umbra.nascom.nasa.
gov/SEP/). In addition, we focus on high latitudes because the influence of the SPE on the middle atmo-
sphere is stronger there than in the low latitudes. Due to the yaw maneuvers and sampling pattern, SABER
observes the high latitude region in only one hemisphere at a time. During part or all of some SPEs, the
observations were made during nighttime or twilight. There are only 5 SPEs for which the maximum pro-
ton flux is larger than 1000 pfu and the dayglow in the high latitude region was recorded over the full
duration of the event. The five events occurred in September 2005, December 2006, March 2012, May
2013, and June 2015. Therefore, only the five events are presented here to show the responses of dayglow
emissions to SPE. Among these events, the event in December 2006, which had a maximum proton flux of
1980 pfu, is studied in detail. We chose this example because the variation of the proton flux with time
during this event is sharp and pulse-like; this allows us to characterize the temporal evolution of the
dayglow during the full duration of the SPE.

3. Results
3.1. Case Analysis of the Event in December 2006

In December 2006, the SABER observations cover the Antarctic region, and daytime O2 and OH airglow and
ozone and atomic oxygen volume mixing ratios are available. The O2 dayglow emission rates between 40°S
and the south pole observed in 15 orbits in each day from 6 to 9 December 2006 at 70 km are shown in
Figure 1. The local time for 40°S is around 6.8 LT. For the measurements in the same orbit, those on the
descending track are observed earlier than those on the ascending track. The time difference between the
observations shown in the first and last measurements of a single orbit is less than 20 min. In this figure, only
the results observed on the daylit part of the orbits are shown. There are fewer daytime observations on the
ascending tracks than on the descending tracks because some of the ascending profiles are in twilight
or night.
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In Figure 1, compared to the distribution on 6 December when the SPE had not yet occurred, the significant
depletion of O2 dayglow emission is observed around the end of the sixth orbit on 7 December. The deple-
tion is evident in the 11th–15th orbits on 7 December and the 1st–5th orbits on 8 December. For the
13th–15th orbits on 7 December, the evident depletion is observed in the whole orbit poleward of 50°S.
For the second to fifth orbits on 8 December, although the depletion appears poleward of 70°S in all orbits,
the depletion around 0–90°W is weaker on average than that around 90–180°W. From the sixth orbit on 8
December, the depletion becomes weaker and weaker. During the SPE, depletions also occurred for the
OH dayglow, ozone, and atomic oxygen volume mixing ratios, similar to those for the O2 dayglow emission
shown in Figure 1.

In order to quantify the responses of the four parameters, O2 dayglow emission, OH dayglow emission, ozone
mixing ratio, and atomic oxygen mixing ratio, to the SPE, the data are processed as described here. The
profiles of these four parameters observed on the same track in the same orbit are sorted into overlapping
latitude bins that are 10° wide with centers offset by 1°. The profiles in each 10° bin are averaged, and the
averaging profile is set to correspond to the central latitude of the bin. Similar to the parameters, the
longitudes and universal times (UT) of valid observations in each bin are averaged. The variations of
the four parameters during the SPE relative to the background are calculated by the equation:
(observation� background)/background × 100%. At some latitudes and altitudes, the temporal distributions
of one or more of the four parameters show a trend that appears to be independent of the depletions during
the SPE. In order to decrease the influence of these trends on the calculated depletions, we use the following
procedure to identify the background (unperturbed) conditions. For each latitude and altitude, the temporal
distributions of the observations are fitted by using a robust multilinear regression, which can decrease the

Figure 1. The O2 dayglow volume emission rate at 70 km and poleward of 40°S observed in each SABER orbit in each day
from 6 to 9 December 2006. The local time for 40°S is around 6.8 LT. The orbit order numbers in each day are labeled in the
panels, and the south magnetic pole is shown by an asterisk. On each map, the parallels are spaced 10 degrees apart and
the meridians are spaced 24 degrees apart as shown by the dotted lines. The Greenwich Meridian points downward.
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influence of abnormal values and
large depletions during the SPE on
the fitting result. We set the fitted line
to be the background variation. The
length of the data set changes with
latitude. For uniformity, only the
observations around December 7
(between 30 November and 15
December, namely, from TIMED
orbits 26,955 to 27,177) are used in
the fitting. As an example, the tem-
poral variation of O2 dayglow emis-
sion rate at 70 km and 80°S between
23 November and 22 December and
the fitted result based on the obser-
vations between 30 November and
15 December are respectively shown
by the blue and red lines in Figure 2.
It can be seen that the main trend of
the background variation is well char-
acterized using the method.

The maps given in Figure 1 are useful to directly show the positions where the dayglow and volume mixing
ratios are observed over the Earth and the order in which each point is observed. To compare the temporal
evolution of the observed fields with that of the proton flux, Figure 3 shows observations arranged in time. A
time series of the Kp index is shown in Figure 3a, and the 5 min integral fluxes of the protons with three
energy levels (≥10 MeV, ≥50 MeV, and ≥100 MeV) from 30 November to 15 December 2006 are given in
Figure 3b. The fluxes of protons with energy levels ≥50 MeV and ≥100 MeV are multiplied by 15 and 100,
respectively. The latitude-time distributions of the variations of the O2 dayglow emission rate, OH dayglow
emission rate, ozone volume mixing ratio, and atomic oxygen volume mixing ratio at 70 km are respectively
shown in Figures 3c–3f. In each panel, the observations in the same column are observed in the same orbit.
From the bottom of each panel, the latitude coordinate extends from 65°S to 83.5°S for the ascending portion
of the orbit and then from 83.5°S to 45°S for the descending portion. The latitude-time distribution of long-
itude is given in Figure 3g.

In Figure 3, the Kp index has a maximum value of 5 during the SPE; i.e., the geomagnetic activity is medium
during this period. The temporal distributions of proton fluxes in the three categories are pulse-like with
sharp peaks. All proton fluxes are very low before 7 December and increase suddenly on 7 December. The
decreases of the O2 and OH dayglow and ozone and atomic oxygen volume mixing ratios in response to
the SPE are evident. At 70 km during the SPE, the maximum depletions of the O2 and OH dayglow emission
rates are 31.6% and 37.0%, respectively; the maximum depletions of the daytime O3 and O volume mixing
ratios respectively are 42.4% and 38.9%, as shown by the minimum values of the color bars in Figure 3. For
the descending tracks (upper portions of Figures 3c–3f), the latitude where the depletions are evident
extends equatorward to about 50°S for the O2 dayglow, ozone, and atomic oxygen volume mixing ratios.
For the OH dayglow emission, the emission rates are quite noisy at latitudes lower than 55°S and depletion
of OH dayglow is not evident there. The temporal distribution of the variation for the ascending tracks is
different from that of the descending track. The depletion around the beginning of 8 December is evident
for the latter but not for the former. This is caused by differences in the longitudes for descending and
ascending tracks of the same orbit. As shown in Figure 3g, the longitude observed along the orbit track
changes with latitude slowly at lower latitudes but quickly at higher latitudes around 80°S. Although the
observations from descending track to ascending track of an individual orbit are continuous in time, the
difference between the longitudes observed at the same latitude on the two tracks can be large.

In Figure 3, the mesospheric dayglow emissions and ozone and atomic oxygen mixing ratios also respond to
the SPE with a maximum on 13 December 2006 during which the flux of protons having energy level

Figure 2. The temporal variation of O2 dayglow volume emission rate (blue)
with the standard error bar (black) at 70 km and 80°S for descending track
between 23 November and 22 December and the fitted line (red) obtained
based on the observations between 30 November and 15 December. In the
regression equation, the unit of time t is day of 2006.
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≥10 MeV peaks at 698 pfu. This indicates that the four parameters respond in some cases to SPEs for which
the maximum proton flux is less than 1000 pfu. However, on average, the magnitudes of the responses to the
SPEs with the maximum proton flux larger than 1000 pfu are stronger than those to the events with the
maximum proton flux less than 1000 pfu. It seems that there are variations that appear to be oscillations in
the descending track time series of O2 dayglow emission rate, ozone, and atomic oxygen volume mixing
ratios, characterized by small values around the end of 7, 8, and 9 December. The oscillation is most
pronounced around 60°S. The apparent oscillation is misleading; the temporal distributions shown in

Figure 3. The time series of (a) the Kp index, (b) the 5 min integral fluxes of the protons with three energy levels (≥10 MeV,
≥50 MeV, and ≥100 MeV), and the latitude-time distributions of the percent perturbations from the background of (c) O2
dayglow volume emission rate, (d) OH dayglow volume emission rate, (e) ozone volume mixing ratio, and (f) atomic
oxygen volume mixing ratio at 70 km between 30 November and 15 December 2006. In Figures 3c–3f, the values in each
column are from the SABER observations in a single orbit. The ordinate shows 65°S to 83.5°S from the ascending track of
the orbit and 83.5°S to 45°S from the descending track. In Figure 3b, the flux of protons with energy level ≥50 MeV is
multiplied by 15 and the flux of protons with energy level ≥100 MeV is multiplied by 100.
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Figure 3 mix the longitudinal and temporal variations together. The longitude region around 60°S observed
around the end of each day is near the south magnetic pole, whereas the longitudinal region observed
around midday is out of phase (see Figure 1). The apparent oscillation with the deeper depletions around
the last hours of 7, 8, and 9 December can be attributed to higher proton penetration to the longitudinal
region observed then. This will be discussed in more detail below.

As can be seen from Figure 3, the depletions of the four parameters during the SPE change with latitude. To
study the influences of the SPE at different latitudes and longitudes, the variations of O2 dayglow observed at
80°S on both tracks and 60°S on the descending track are compared (daytime observations at 60°S on the
ascending track are not available), as an example. A 3-point moving average is done for the time series of
the variations of O2 dayglow emission rates to remove some high-frequency perturbations or noise. The time
series of 3-point moving averaged variations between 6 December and 12 December are shown in Figure 4.
The corresponding longitudes are given by the dots. The longitudes corresponding to the maximum deple-
tions around the end of 7, 8, and 9 December for both latitudes on the descending track are marked by stars.
The time series of the proton fluxes for three energy levels are also shown.

In Figure 4 the maximum fluxes of protons with energy levels ≥10 MeV, ≥50 MeV, and ≥100 MeV are 1980 pfu,
120 pfu, and 19 pfu, respectively. The times when the fluxes began to increase quickly and when they
reached their maxima are different for the three energy levels. The spike in the flux of protons with energy
levels ≥100 MeV occurred earliest, and the spike in the flux of protons with energy level ≥10 MeV occurred
last. The latter reached its maximum value around 18:45 UT on 7 December; the fluxes of protons with energy
levels ≥50 MeV and ≥100 MeV reached their maxima about 60 min and 150 min earlier, respectively. The
variations of O2 dayglow emission rates at both latitudes on the descending track coincide more closely with
the flux of protons with energy level ≥10 MeV compared to the protons with higher energy levels. The O2

dayglow emission at 60°S on the ascending track has a similar variation except for a small peak appearing
near the minimum around the end of 7 December. During the SPE, a large number of protons penetrate to
the Earth’s middle atmosphere. The penetration depth of a proton is related to its energy, while the

Figure 4. (a) Time series of O2 volume emission rates at 80°S observed on both the descending and ascending tracks and at
60°S observed on the descending tracks and the fluxes of protons with three energy levels ≥10 MeV, ≥50 MeV, and
≥100 MeV between 6 and 12 December 2006. The longitudes of the observations are marked by the dots. The longitudes
where the maximum depletions at 80°S and 60°S are observed around the end of 7, 8, and 9 December for the
descending tracks are marked respectively by the black and red stars. The black dashed line in the figure marks zero
perturbation of O2 dayglow.
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intensity of the impact on the atmosphere is related to the flux (as shown in Figure 1 in Solomon et al. [1983]).
The consistency between the variation of O2 airglow and the variation of the flux of protons with energy level
≥10 MeV indicates that the variation of the atmosphere around 70 km during the event is mainly related to
the penetration of protons with energy level ≥10 MeV. In addition, although protons with higher energy
levels of ≥50 MeV and ≥100 MeV can penetrate to even lower in the atmosphere, their fluxes are substantially
less than that of protons with energy levels ≥10 MeV and their net influences on the atmosphere are
therefore weaker.

In Figure 4, the temporal distributions of O2 dayglow variations at both latitudes on the descending track
generally show two peaks and three valleys during the SPE with the minima appearing around the end of
7, 8, and 9 December. As mentioned above, these are not true daily variations in the emission. The
minimum values of the valleys for 60°S and 80°S (descending) appear in the same longitude regions in
the eastern hemisphere, as marked by the stars, even though the proton fluxes are different for the val-
leys. This indicates that the impact of the SPE on the O2 dayglow in this longitude region is stronger than
that in other longitude region. In addition, the distributions at 80°S on both tracks are different. Around
the peak of proton flux, the distribution for the descending track shows a single deep valley; the distribu-
tion for the ascending track shows a small peak around the bottom of the valley. The O2 dayglow emis-
sions at the same latitude on both tracks are observed at almost the same time with the same proton
flux, but at different longitudes. So the observed difference should be caused by the difference in longi-
tude. The difference in the timing of the response for the three latitudes is consistent with the longitudinal
nonuniformity of the response.

Besides longitude, the response of dayglow emission to the SPE is also related to latitude. As mentioned
above, the temporal distributions of O2 dayglow variations on the descending track for the two latitude
bands shown have two peaks and three valleys during the SPE. For 80°S, the largest depletions of the
three valleys are �25.1%, �7.1%, and �3.0%, respectively. The depletion of O2 dayglow extends over
all longitudes on 8 December, although the magnitude varies. The depletion disappears at the longitudes
corresponding to the top of the second peak on 9 December and at all longitudes after the beginning of
10 December. This indicates that the longitude range with depletion decreases with the decrease of the
proton flux during the recovery phase of the SPE. For 60°S, the O2 dayglow at some longitudes
(240–330°) does not decrease.

Sauer and Wilkinson [2008] simulated the global distributions of the transionospheric signal loss due to
this SPE using the Specimen model. The distribution of the signal loss in the southern hemisphere
around the peak of the SPE (18:35 UT on 7 December) is close to an oval, as shown in Figure 7 in their
paper. The oval is asymmetrical with respect to the pole, and its center deviates from the geographic
pole; the influence of the SPE on the signal loss covers all longitudes at 80°S; the influence around
70–80°S in the longitude range of 0–90°W is weaker on average than that around 90–180°W; at 60°S,
the longitude range of 60°E–180°E is strongly affected by the SPE. This is consistent with the longitudinal
and latitudinal variations of the depletions of O2 dayglow emission during the SPE. The spatial variation
of O2 dayglow depletion verifies that the influence of proton precipitation on the atmosphere is not
globally uniform.

Next, we will show the variation of the impacts of the SPE on the atmosphere with altitude. Considering that
the depletions of four parameters are stronger and more persistent in the high latitude region, as shown in
Figure 3, we use the values averaged over latitudes poleward of 60°S to estimate the altitude range of the
depletions. The variations of the average values are calculated using the method used in Figure 3. The
altitude-time distributions of the variations are given in Figure 5. It can be found from this figure that the
depletions of all four parameters are evident between 55 km and 80 km. Furthermore, the depletion even
extends down to 50 km for the O3 mixing ratio and up to 84 km for the O2 dayglow. The OH dayglow, ozone,
and atomic oxygen mixing ratios are quite noisy at altitudes higher than 80 km. The maximum depletions
during the event for O2 dayglow volume emission rate, OH dayglow volume emission rate, ozone mixing
ratio, and atomic oxygen mixing ratio are 24.7%, 29.8%, 36.2%, and 35.5%, respectively, appearing around
71 km. The altitudes of maximum ozone depletions during the SPEs of July 2000 and October 2003 are
73 km and 65 km, respectively [Degenstein et al., 2005]. The altitude of maximum depletion of December
2006 in our study is closer to that for ozone in 2000.
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3.2. Comparison of Daytime Responses to Five SPEs

In addition to the SPE on 7 December 2006, the responses of O2 and OH dayglow and ozone and atomic
oxygen volumemixing ratios to the four other SPEs mentioned in section 2 are also calculated and compared.
The dayglow emissions are observed on both the ascending and descending tracks of the orbit during the
events in 2006, 2013, and 2015. During the events in 2005 and 2012, the dayglow emissions are observed
only on the ascending and descending tracks, respectively. We take 70° latitude (in the southern hemisphere
for the events in 2005 and 2006 and in the northern hemisphere for the events in 2012, 2013, and 2015) as an
example to compare the impacts of five SPEs on the four SABER parameters. The time series in 2006, 2013,
and 2015 extend from before to after the SPEs. For these three events, we use the same methods used above
to calculate the background values and variations of four parameters in the events. The time series before the
SPE in 2005 and after that in 2012 are short due to limited data availability. Therefore, the strong depletions
due to SPEs could lead to spurious trend in the background calculated by using the method described above.
Since the impacts of SPEs become weak or disappear when the flux of protons with energy level ≥10 MeV is
less than 50 pfu (as shown in Figure 6 below), for these two cases, the background is taken as the average of
values during periods when the proton flux is less than 50 pfu. The temporal distributions of the 3-point
moving average O2 dayglow emission variations at 70 km during the SPEs in 2005, 2006, 2012, 2013, and
2015 are given in Figures 6b–6f, respectively. The fluxes of protons with energy level ≥10 MeV in

Figure 5. The altitude-time distributions of percent perturbation of (a) O2 dayglow volume emission rate, (b) OH dayglow
volume emission rate, (c) ozone volume mixing ratio, and (d) atomic oxygen volume mixing ratio around the south pole
(latitude average over 60°S–85°S) from 50 km to 85 km between 30 November and 15 December 2006.
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September 2005, December 2006, March 2012, May 2013, and June 2015 are given in Figure 6a to show the
variations of the proton fluxes during five SPEs. In Figure 6, the O2 dayglow emissions decrease during all five
events and the largest depletions appear around the time when the proton fluxes reach their maxima.
However, the magnitudes of the depletions are different for the five SPEs. The variations of OH dayglow,
O3, and O mixing ratios are also calculated. Their temporal distributions are, in general, similar to those of
O2 dayglow emission and not shown here for simplicity. The characteristics of the five SPEs and the largest
depletions of four parameters during five events are listed in Table 1.

On the whole, the largest depletions of O2 and OH dayglow emissions and ozone and atomic oxygen volume
mixing ratios due to the stronger SPE are larger than those due to the weaker SPE. The exception is that the
maximum depletion in 2005 is larger than that in 2006 and the depletion of the atomic oxygen in 2015 is
larger than that in 2013. As discussed above, the magnitude of the depletion is related to both proton flux
and the latitude and longitude of the observed region due to the global nonuniformity of the response of
the atmosphere to the SPE. There may also be seasonal and local time effects. Differences in the observa-
tional conditions for the five events mean that a simple comparison may not always be useful. In addition,
the depletions during the events in 2013 and 2015 are weak, and therefore, the calculated maximum deple-
tions may be affected more strongly by the uncertainty of the SABER observations; especially, the uncertainty
for atomic oxygen due to systematic and random errors is large (up to 30% [Mlynczak et al., 2013]). This can
also contribute to the lack of a one-to-one relationship between the atomic oxygen response and the SPE
magnitude (Table 1). For the 2005 case, the relatively short time series used in the calculation of the

Figure 6. (a) The flux of protons with energy level ≥10 MeV in September 2005, December 2006, March 2012, May 2013,
and June 2015. (b)–(f) The variations of O2 dayglow emission rate at 70 km and 70° latitude around five SPEs. The time
when the proton fluxes are around 50 pfu during each of the events is marked by red dashed lines.
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background, or other differences in latitude, longitude, and local time sampling, may contribute to the
anomalously large apparent depletion in this event compared to the others.

Figure 6 indicates that there are some oscillations including the evident diurnal-like variations in the time ser-
ies of the parameters; especially during both September 2005 and March 2012, the oscillations are strong as
shown in Figures 6b and 6d. This means that the real background should change with longitude and time.
However, we cannot get the real background because the diurnal-like variations are not regular for each
day. The variations are calculated by setting the background as a constant for both SPEs. This can cause
the calculated maximum depletions to be larger than the real ones. A rough estimation through setting
the background as the average value of the minima for each day indicates that the maximum depletions
given in Table 1 for both events in 2005 and 2012 can decrease by about 8% in general. Among the five
events, the maximum proton flux during the event in March 2012 is the largest and the depletions of the four
parameters are also the largest. During the event, the largest depletions of O2 dayglow emission rate, OH day-
glow emission rate, ozone volume mixing ratio, and atomic oxygen volume mixing ratio are about 41.9%,
40.4%, 61.1%, and 50.1%, respectively. Although the maximum depletions of four parameters may be some-
what larger than the real ones during the SPE in March 2012, the depletion of ozone is consistent with some
other observations. The study by von Clarmann et al. [2013] indicated that the MIPAS (Envisat Michelson
Interferometer for Passive Atmospheric Sounding) ozone loss by up to 60% was observed in the mesosphere
within a few days after the SPE. The study by Jackman et al. [2014] indicated that the Aura ozone in themiddle
mesosphere decreased with maximum depletion larger than 60% over 1–2 days as a result of the HOx

produced in the SPE period. However, we cannot get a reliable determination of the quantitative relationship
between the depletions and the proton fluxes based only on the five events because of the different obser-
vational conditions, including different seasons and hemispheres.

In Table 1, there is no an evident relationship between the depletions and the level of geomagnetic activity.
For example, although the geomagnetic activity on 11 September 2005 is strong (Kp = 7.7) and larger than
that on 8March 2012, themagnitude of the depletion during the event in September 2005 is respectively less
than those for the event in March 2012. This comparison is limited because it is based on only five events, but
it suggests that the magnitudes of the depletions of O2 and OH dayglow emissions and ozone and atomic
oxygen volume mixing ratios due to the SPE are directly related to the flux of the high energetic proton
precipitation into the atmosphere but not to the intensity of geomagnetic activity.

In this study, the magnitudes of the depletions of O2 and OH dayglow are smaller than those of ozone and
atomic oxygen. This is likely because the O2 and OH dayglow emissions are also affected by other parameters
besides ozone. Several investigations [e.g., Jackman et al., 2014; Verronen and Lehmann, 2013] have indicated
that the HOx family including atomic hydrogen increased during the SPE. The members of the odd hydrogen
family are quite short-lived and lead to large, short-term ozone decreases in the mesosphere and upper stra-
tosphere, typically lasting a few hours or days [Degenstein et al., 2005]. The OH dayglow is positively related to
both ozone and atomic hydrogen. Therefore, the increase of atomic hydrogen can partially cancel the
decrease of OH dayglow that would otherwise result from the depletion of ozone and atomic oxygen.
However, we do not have independent measurement to confirm quantitatively the relative contributions
of the Ox decrease and HOx increase to the decrease of OH dayglow during the SPEs because the SABER

Table 1. The Characteristics of Five Solar Proton Events and the Largest Depletions of Four Parameters During Five Eventsa

Date UT MF (pfu) Kp SH/NH Track Mode O2 VER OHVER O3 VMR O VMR

11 September 2005 4:25 1880 7.7 SH ascending �29.8% �37.6% �40.3% 47.0%
7 December 2006 8:45 1980 5.0 SH ascending, descending �22.3% �22.9% �29.2% �30.0%
8 March 2012 11:15 6530 5.0 NH descending �41.9% �40.4% �61.1% �50.1%
23 May 2013 6:50 1660 3.0 NH ascending, descending �11.6% �11.3% �20.2% �15.1%
22 June 2015 19:00 1070 8.3 NH ascending, descending �11.1% – �17.3% �17.4%

aThe first and second columns give the date and time when the flux of protons with energy level ≥10 MeV reaches its maximum. The third and fourth columns
give the maximum proton flux in the event and the maximum 3 h Kp index for the day with the maximum proton flux. The fifth column indicates whether the
observation is taken in the northern hemisphere or southern hemisphere. The track modes of SABER orbits in which the parameters are observed are listed in
the sixth column. If both track modes are listed, the daytime data are observed in both track modes, but there are more data observed in the italics printed track
mode than in the other track mode. The largest depletions of O2 and OH dayglow emissions, ozone, and atomic oxygen mixing ratios during five events are listed
in the 7th–10th columns
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atomic hydrogen during the daytime is derived from OH dayglow and ozone. For the O2 dayglow, although
the photolysis of ozone is its dominant source, some other processes (most notably the photolysis of O2

described byMlynczak [1999]) that are not sensitive to SPE can also contribute to it. Therefore, the magnitude
of the depletion of O2 dayglow is smaller than that of ozone.

Another thing that is apparent from Table 1 is that the relative depletions of daytime O and O3 mixing ratios
are similar but not exactly the same. Recall (section 2) that daytime O in the SABER files is calculated from O3

based on the assumption of photochemical equilibrium. The loss of O3 (by photolysis) and the production
(product of the reaction of O with O2) are not expected to vary with SPE, which would lead us to assume that
the responses of O and O3 mixing ratios should be approximately the same. The differences may give an indi-
cation of the uncertainties in the quantitative response.

We compared the variations of O2 dayglow and O3 volumemixing ratio for different altitudes below 80 km for
all five events (not shown). The results indicate that the depletion of O2 dayglow reaches its maximum at the
same time as the depletion of O3 mixing ratio for the altitudes where the depletions of O2 dayglow and O3

mixing ratio are strong. This means that the impacts of strong SPE on both O2 dayglow and O3 mixing ratio
observed by the SABER are simultaneous below 80 km. Note that this does not contradict the conclusions
about the relationship between O3 mixing ratio and O2 dayglow emission at 1.27 μm given by Zhu et al.
[2007]. The photochemical time scales of various species are determined by collisional quenching and radia-
tive relaxation [Zhu et al., 2007]. The relaxation time of the spontaneous emission of O2(

1Δ) is about 75 min
[Spalek et al., 1999; Zhu et al., 2007; Mlynczak et al., 2013; Smith et al., 2008, 2013]. At high altitude where the
collisional quenching becomes less important, the photochemical time scale of O2(

1Δ) could be approxi-
mated to the relaxation time of the spontaneous emission, which is comparable or longer than the transport
time scale. Due to the long photochemical lifetime of O2(

1Δ), the ozone retrieved from O2(
1Δ) dayglow based

on a photochemical steady state model represents the ozone from a fairly long-time interval that can extend
more than an hour into the past, and the time lag can cause errors in the ozone during periods when the con-
centration is changing rapidly [Smith et al., 2013]. The SABER team noted from the measurements that it took
2 to 3 h of the local time for steady state to occur near the mesopause following sunrise [Zhu et al., 2007]. The
study by Zhu et al. [2007] based on a model indicated that above 90 km, the mismatch of the timing of the
peak O2(

1Δ) and peak O3 was distinct; around 80–85 km, the errors in the retrieved O3 based on the steady
state photochemical model were large due to both the minimum value andmaximum vertical gradient of O3;
below ~80 km, however, there existed a very good correlation between the local time with peaks of both
O2(

1Δ) and O3 mainly because of the very short photochemical relaxation times in both O2(
1Δ) and O3.

This means that the time lag of O2(
1Δ) is large at high altitude but small below 80 km. Therefore, the impacts

of strong SPE on both O2(
1Δ) dayglow and O3, which are strong below 80 km, are not affected strongly by the

time lag.

3.3. Comparison of the Responses During Nighttime With Daytime

Besides the dayglow, the nightglow in the high latitude region during 10 SPEs with maximum proton flux
larger than 1000 pfu are observed by the TIMED satellite between the years 2002 and 2016. The responses
of nighttime O2 and OH airglow emissions and ozone and atomic oxygen volume mixing ratios to the events
are also analyzed. The OH and O2 nightglow emission layers mainly originate in the altitude range of
80–100 km and are very weak below 80 km. The nighttime SABER atomic oxygen is retrieved from OH night-
glow. Therefore, the analysis of O2 and OH nightglow and nighttime atomic oxygen focuses only on the alti-
tudes higher than 80 km. The analysis of the nighttime ozone includes the whole altitude range of
20–100 km. The results indicate that there are evident impacts of SPEs on the nighttime ozone in the altitude
range of 50–80 km (the altitude range shifts by several kilometers for different events), similar to the response
of daytime ozone; the impacts on the nighttime ozone and atomic oxygen and nightglow emissions above
80 km are weak.

The variations of four parameters at 70° latitude and 88 km, where both O2 and OH nightglow emissions are
strong, during the SPEs in October and November of 2003 and May 2005 are given in Figure 7 as an example.
The variation of ozone volumemixing ratio at 70 km is also given for reference. The SPE in October 2003 is the
strongest event in this century. The four parameters are observed only on the ascending track for the events
in 2003. Both ascending and descending tracks are involved for the event in May 2005. It can be seen that the
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depletions of ozone at 70 km due to three SPEs are evident, although large diurnal-like oscillations occur in all
temporal distributions. The depletions of ozone at 70 km in both events in 2003 are evident, and the evident
depletion persists for about 3 days during the first event with the largest depletion about 80%. This is
consistent with the results given by Degenstein et al. [2005] and López-Puertas et al. [2005]. Degenstein et al.
[2005] pointed out that the peak depletion of ozone during the SPE on 28 October 2003 should be larger
than 75%. López-Puertas et al. [2005] studied the influence of the SPEs on the ozone below 68 km
observed by MIPAS. Their result indicated that a large depletion of ozone was apparent above 55 km

Figure 7. The temporal distributions of (from top to bottom) proton flux, variations of O2 nightglow volume emission rate,
OH nightglow volume emission rate, ozone volume mixing ratio, and atomic oxygen volume mixing ratio at 88 km and
(left) 70°N in 2003 and (right) 70°S in 2005 are given by the black lines. The red lines show the variations of ozone volume
mixing ratios at 70 km.
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during the major SPEs and for 1–2 days afterward and ozone decreased in this region by up to 60–80% at
60–68 km. Furthermore, Rohen et al. [2005] pointed out that the depletion of ozone above 50 km was domi-
nated by HOx-driven ozone loss and that below 50 km was dominated by NOx-driven ozone loss during the
proton events from 26 October to 6 November 2003. In May 2005, the variation of proton flux is sharp and the
depletion of ozone at 70 km is also sharp, similar to the daytime ozone variations during the events in 2006,
2013, and 2015. None of the parameters at 88 km show a strong and regular responses to the SPEs.

As pointed out by Xu et al. [2012], the reaction O3 + H → OH(ν ≤ 9) + O2 is the main source of OH night-
glow above 80 km. Therefore, OH nightglow emission is directly related to ozone and atomic hydrogen.
Some investigations [e.g., Gattinger, 1968] indicated that the recombination of atomic oxygen,
O + O + M → O2(

1Δg) + M was an important source of O2 nightglow; meanwhile, there is still some debate
on the contributions of two processes, OH(ν) + O2→ O2(

1Δg) + OH and OH(ν) + O→ O2(
1Δg) + H, to O2 night-

glow [Llewellyn and Solheim, 1978; Howell et al., 1990]. Therefore, the O2 nightglow is directly related to
atomic oxygen and possibly related to ozone and atomic hydrogen indirectly. During the SPE, energetic
particle precipitation leads to enhancement of odd hydrogen (including H) below 80 km altitude through
water cluster ion chemistry [Andersson et al., 2012]. The studies by Solomon et al. [1981, 1983] indicated that
below about 80 km, nearly two odd hydrogen particles should be formed per ionization; however, above that
altitude, odd hydrogen production was effectively blocked by the recombination of precursor ions as a result
of large election densities and low water vapor concentrations there. The calculation by Solomon et al. [1983]
showed that the odd hydrogen produced per ionization had a sharp cutoff above 80 km. The location of the
cutoff corresponds to the altitude where cluster ions were replaced by molecular ions as the dominant posi-
tive ion species; the location was also somewhat dependent on the assumed temperature and water vapor
mixing ratio [Solomon et al., 1983]. The studies on the SPEs in January of 2005 and January and March of
2012 based on three satellite instruments also indicated that the ozone was reduced after all SPEs and that
the depletion was restricted mainly to the altitude range of 50–80 km for 2005 and 40–80 km for 2012
[Päivärinta et al., 2013]. These indicate that the increase of odd hydrogen due to the SPE and the decrease
of odd oxygen due to the increase of odd hydrogen are weak above 80 km (the altitude range shifts by
several kilometers for specific event); the O2 and OH airglow emissions, whose responses to the SPE are
related to the responses of odd hydrogen and odd oxygen, are also weak there. The strong O2 and OH night-
glow emissions are mainly situated above 80 km, and therefore, the effects of SPEs on them are weak. The O2

and OH dayglow emissions are strong over a broader vertical range: both above and below 80 km. In the
lower part of this altitude range, they can be influenced by SPEs strongly and can be used to measure the
influence of SPE on the mesosphere.

4. Summary

In this study, the effects of solar proton events on the daytime O2 and OH airglow volume emission rates,
ozone, and atomic oxygen volumemixing ratios in the mesosphere are studied using the TIMED/SABER satel-
lite observations. The impacts of the SPEs on the same four parameters during nighttime are also analyzed
and briefly compared to those during daytime. Although plenty of SPEs have occurred since the TIMED satel-
lite was launched, there are only five SPEs for which the maximum proton flux is larger than 1000 pfu and the
daytime high latitude region is observed by the SABER. The SPEs include those with the maximum proton
fluxes occurring on 11 September 2005, 7 December 2006, 8 March 2012, 23 May 2013, and 22 June 2015.
Among these events, the SPE in December 2006 is analyzed in detail as an example. In addition, the impacts
of five SPEs on O2 and OH airglow, ozone, and atomic oxygen are compared in brief. The results indicate that
not only the O2 dayglow and daytime ozone but also the OH dayglow and daytime atomic oxygen in the
mesosphere are affected by the SPEs.

During the SPE in December 2006, four parameters, O2 and OH airglow, ozone, and atomic oxygen, decrease
significantly. The temporal evolutions of depletions are closer to that of the flux of protons with energy level
≥10 MeV compared to the fluxes of protons with energy levels ≥50 MeV and ≥100 MeV. The magnitudes of
the depletions vary with latitude. They also vary with longitude. The largest depletions of O2 dayglow volume
emission rate, OH dayglow volume emission rate, ozone volume mixing ratio, and atomic oxygen volume
mixing ratio at 70 km during the event are about 31.6%, 37.0%, 42.4%, and 38.9%, respectively. The deple-
tions of four parameters change with altitude and are visually evident between 55 km and 80 km.
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The O2 and OH airglow emissions and ozone and atomic oxygen volume mixing ratios in the daytime
decrease in all five SPEs. The largest depletions of four parameters due to the stronger event are larger on
average than those due to the weaker event. The SPE affects both O2 and OH dayglow emissions in themeso-
sphere strongly, and therefore, they can be used as a signature of the impacts of the SPE on the atmosphere.
The depletion due to the SPE still exists in the temporal variation of nighttime ozone below 80 km. The
impacts of the SPE on the O2 and OH nightglow and the ozone and atomic oxygen above 80 km are weak.

The relative magnitudes of the responses are not uniform across the four parameters. The responses of ozone
and atomic oxygen are larger than those of the OH and O2 dayglow. The strengths of both of the dayglow
emissions depend quite strongly on ozone concentration, which explains their strong depletion during
SPE. However, they also depend on other atmospheric variables that either respond in the opposite direction
(the H increase during SPE will partially cancel the negative response of the OH emission to ozone depletion)
or are not affected (O2 photolysis contributes to the O2 emission but is unaffected by SPE and can damp the
sensitivity to ozone perturbations).
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