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Abstract we conduct observational and modeling studies of thermospheric composition responses to
weak geomagnetic activity (nongeomagnetic storms). We found that the thermospheric O and N, column
density ratio (3;0/N,) in part of the Northern Hemisphere measured by Global-scale Observations of the
Limb and Disk (GOLD) exhibited large and long-lived depletions during weak geomagnetic activity in
May and June 2019. The depletions reached 30% of quiet time values, extended equatorward to 10°N and
lasted more than 10 hr. Furthermore, numerical simulation results are similar to these observations and
indicate that the >,0/N, depletions were pushed westward by zonal winds. The ) O/N, evolution during
weak geomagnetic activity suggests that the formation mechanism of the ) 0/N, depletions is similar to that
during a geomagnetic storm. The effects of weak geomagnetic activity are often ignored but, in fact, are
important for understanding thermosphere neutral composition variability and hence the state of the
thermosphere-ionosphere system.

Plain Language Summary The column density ratio of O and N, (3,0/N,) has been used to
monitor geomagnetic storm effects in the thermosphere, as well as providing valuable information about
the ionosphere. This triggers an important question: Can weak geomagnetic activities cause changes in
thermospheric composition too? Here, we conduct studies based on geostationary orbit observations and
numerical simulations. Model outputs replicate the general morphology of this variability for the cases
examined. This made it possible to understand the cause of the composition response to weak geomagnetic
forcing. We found that the Y;0/N, depletion observed was pushed westward by the zonal wind. During weak
geomagnetic activity, the >,0/N, response is similar to the response during a geomagnetic storm, albeit

it is weaker. In summary, our study suggests that weak geomagnetic activity can also generate strong and
long-lived responses in thermosphere composition during solar minimum and that this response can be
important to understanding the thermosphere and ionosphere variability during the so-called quiet times.

1. Introduction

The response of thermosphere composition to geomagnetic storms has been investigated for several decades
since the first study carried out by Seaton (1956). Based on the observations from Satellite-Borne Gas
Analyzers, Prolss (1980, 1981) summarized how geomagnetic storms influence the distribution of neutral
species in the thermosphere. They found that the composition disturbances were restricted to high latitudes
in the later afternoon and evening sectors, and the maximum disturbances occurred near the boundary of
the auroral zone. The perturbed neutral composition was also found to expand toward midlatitude and even
low latitude in the night and early morning sectors. In the early morning sector, there are seasonal variations
of the extended composition disturbance zone in midlatitude and low latitude. These initial findings have
since been validated by a number of observational and modeling studies (e.g., Burns et al., 1991, 1995,
2004; Fuller-Rowell et al., 1994, 1996).

The column density ratio of atomic oxygen (O) to molecular nitrogen (N,) (3;0/N,) is an important para-
meter in the thermosphere that can be derived from the observed O 135.6 nm and N, Lyman-Birge-
Hopfield (LBH) radiances (Strickland et al., 1995, 1999, 2001). >,O/N, is obtained by integrating densities
of O and N, from infinity down to an altitude where the column number density of N, is 1 x 10'7/cm?,
and thus, it is actually defined on a constant pressure surface with no altitude information

CAI ET AL.

10f9


https://orcid.org/0000-0003-4632-1697
https://orcid.org/0000-0001-6024-0020
https://orcid.org/0000-0002-6287-4542
https://orcid.org/0000-0003-2430-1388
https://orcid.org/0000-0002-5291-3034
https://orcid.org/0000-0003-3679-9793
https://orcid.org/0000-0002-8142-5398
https://doi.org/10.1029/2020GL088838
https://doi.org/10.1029/2020GL088838
http://dx.doi.org/10.1029/2020GL088838
http://dx.doi.org/10.1029/2020GL088838
http://dx.doi.org/10.1029/2020GL088838
http://dx.doi.org/10.1029/2020GL088838
http://dx.doi.org/10.1029/2020GL088838
http://dx.doi.org/10.1029/2020GL088838
http://dx.doi.org/10.1029/2020GL088838
http://dx.doi.org/10.1029/2020GL088838
http://dx.doi.org/10.1029/2020GL088838
mailto:xuguang@ucar.edu
https://doi.org/10.1029/2020GL088838
https://doi.org/10.1029/2020GL088838
http://publications.agu.org/journals/

~u
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL088838

(Correira et al., 2020). O and N, number densities decrease exponentially with altitude, so the column num-
ber densities of O and N, at the altitude where the N, column number density is 1 x 10*”/cm? is mainly from
altitudes immediately above this level (approximately 140-180 km). This altitude region encompasses most
of LBH radiance and minimizing the uncertainty in >,0/N, as a function of 135.6 nm/LBH. In this paper, we
use 160 km to represent this low-middle-thermosphere region.

Understanding thermospheric composition variations, especially those of O and N, is important for space
weather research and applications. For instance, O and N, are the major components of the thermosphere,
influencing the total mass density of the thermosphere, which is important for monitoring and predicting
the orbits of near-Earth satellites (Emmert, 2009). Furthermore, >,0/N, can also be used to represent ther-
mosphere composition and total mass density changes due to geomagnetic storms (Crowley et al., 2006; Lei
etal., 2010; Liu et al., 2020; Yuan et al., 2015; Zhang et al., 2003). Y;O/N, is also important for understanding
the variability in the ionosphere (Liou et al., 2005; Lu et al., 2012; Zhang et al., 2003) since it reflects the pro-
duction and loss of the ionospheric F-region plasma (Rishbeth, 1998).

Burns et al. (2004) investigated the responses of N, to geomagnetic storms with the same strength during
solar minimum and solar maximum in the upper thermosphere (around 300 km). Their results showed
that the same strength geomagnetic storm would exert relatively stronger effects on the thermosphere
(compared with quiet time background conditions) during solar minimum than it did during solar max-
imum. This is due to less solar energy input during solar minimum. Their study triggered a series of ques-
tions: Will the neutral composition in the upper or even middle thermosphere also respond to the
geomagnetic activity that is weaker than a geomagnetic storm (defined as global geomagnetic activity
index (Kp) > 5, from https://www.swpc.noaa.gov/noaa-scales-explanation) during solar minimum? If
yes, how strong is the response? And, is the response in composition similar to or different from that
during geomagnetic storms? Previous studies have provided some empirical connections between
thermosphere mass density and Kp based on the measurements from low-Earth orbiting (LEO) satellites
(Lei et al., 2008; Qian & Solomon, 2011). However, LEO satellites can only provide cross-track scanned
images or profiles at certain local times (LTs) near the orbit, which results in gaps in information on
the spatial and temporal variability of the composition. This impedes a full understanding of how
> O/N, responds to geomagnetic activity, either weak or strong, over a large area and the physical
mechanisms that are driving this response.

There have been some previous satellite observations that provided two-dimensional (2D) imaging of
> 0/N,, such as Polar (Liou et al., 2005) and IMAGE (Zhang et al., 2003) satellites; however, the studies
of >,0/N, response to geomagnetic activity using these data are rare. Furthermore, previous studies reported
some cases of ionospheric and thermospheric variations that might be associated with weak geomagnetic
activity (e.g., Goncharenko et al., 2006; Zhao et al., 2008). However, there have not been quantitative studies
on whether there are observable variations in thermosphere composition due to weak geomagnetic activity
and how weak this activity can be. On the other hand, as shown by Rishbeth (1998), daytime ionospheric F-
region electron densities correlate well with thermospheric O/N, ratio. Understanding the O/N, response to
weak geomagnetic activity conditions is thus of great importance in quantitatively describing ionospheric
plasma density variations and investigating the physical processes.

The 2D synoptic imaging of Y.O/N, provided by the Global-scale Observations of the Limb and Disk
(GOLD) mission in geostationary orbit allows for a 2D study on the middle thermosphere composition
response to weak geomagnetic activity during solar minimum from high latitudes to the equator in the
American and Atlantic longitude sectors. In this paper, we report three typical cases of the > 0/N,
response to weak geomagnetic activity. Furthermore, the ) 0/N, simulated by the National Center for
Atmospheric Research (NCAR) Thermosphere-Ionosphere Electrodynamics General Circulation Model
(TIE-GCM) displayed a similar pattern in these cases. This similarity between the observations and model
simulations makes it possible to carry out in-depth diagnostic investigations of the underlying physical
mechanisms of the Y O/N, response. The remainder of the paper is organized as follows. Section 2
describes the observations and numerical model. Section 3 provides three typical cases with depleted
>0/N, in the Northern Hemisphere during weak geomagnetic activity observed by GOLD. Section 4
describes the data-model comparison. Section 5 gives the discussion, and the conclusions are presented in
section 6.
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2. Data and Model
2.1. GOLD Data

GOLD flies onboard the SES-14 communication satellite, which was launched on 25 January 2018. The satel-
lite is located in a geostationary orbit over 47.5°W. The only scientific instrument onboard is the GOLD Far
Ultraviolet (FUV) imager, which performs measurements in the FUV (Eastes et al., 2020, 2017). As the
instrument makes measurements from geostationary orbit, GOLD provides images of the same region (over
120° x 140°) in a similar universal time (UT) range every day. It observes Earth's daytime airglow emissions
from 134 to ~162 nm with a spectral resolution of 0.02 nm, including the OI 135.6 nm and N, LBH bands
from 140.0 to 150.0 nm during the daytime (Eastes et al., 2017). Y.O/N, is derived from the daytime OI
135.6 nm and the N, LBH brightness. For the daytime mode, the GOLD imager scans the full disk at a
30-min cadence with a longitude range from 120°W to 20°E and a latitude range from 70°S to 70°N. In this
study, we utilized the GOLD observed Y,0/N, in the Northern Hemisphere with a spatial resolution of
1° x 1°. The data are smoothed by a 5° X 5° moving window in latitude and longitude to remove
small-scale perturbations. The measurement errors of the ;0/N, data we used in this study are 5-10%.

2.2. Thermosphere-Ionosphere Electrodynamics General Circulation Model

The TIE-GCM is a first principles upper atmosphere general circulation model that solves the continuity,
momentum, energy, and electrodynamic equations of the coupled thermosphere-ionosphere (TI) system
(Qian et al., 2014; Richmond et al., 1992; Roble et al., 1988). It utilizes a spherical coordinate system fixed
with respect to the rotating Earth, with latitude and longitude as the horizontal coordinates and pressure
surfaces as the vertical coordinate. The pressure surface is defined as InPy/P, where P, = 5 X 1077 Pa is
the reference level. The vertical range of the model is about 97-600 km, depending on solar activity. In this
study, we run the TIE-GCM 2.0 using the Weimer empirical model (Weimer, 2005) to provide the
high-latitude inputs. The spatial resolution is 2.5° X 2.5° x 0.25 scale heights. The model step is 30 s, and
the output data are saved every 30 min at 10th and 40th minute at every UT. These times have been selected
to match with the UTs when GOLD images the Northern Hemisphere.

3. Observational Results

To determine Y O/N, variations in weak geomagnetic activity events, we employed the following criteria.
First, we searched for 2 consecutive geomagnetically quiet days. The quiet days are determined mainly based
on the Auroral electrojet (AE) index and Kp. The AE index was required to be less than or equal to 250 nT
during the whole day, or between 250 and 500 nT for less than 1 hr. And the daily averaged Kp had to be less
than or equal to 1. If the third day (or even both the third and fourth days) had weak geomagnetic activity
(both 1 < Kp < 5and 250 < AE < 1,000 nT lasting for at least 3 hr), these 3 or 4 days satisfied our definition
of a weak geomagnetic activity event. Using the second day as the reference quiet day, we subtract the sec-
ond day results from other 3 days and then divide the differences with the second-day, quiet-time values to
obtain the percentage difference (% Diff) of Y,0O/N, at a particular UT between other 3 days and the second
day. We do not choose the first day as reference to avoid any contaminations from possible geomagnetic dis-
turbances occurring on the day before the first day.

The top left panel in Figure 1 shows the AE index between DOY 145 and 148 (25 and 28 May) in 2019. The
corresponding Kp and disturbance storm time (Dst) indices are shown in the left panel of Figure S1. Kp and
Dst have a 1-hr resolution (3-hr Kp is interpolated into 1 hr on the OMNI website), and the AE index has a
1-min resolution and is smoothed by a 10-min window. The AE index on DOY 145 and 146 was low
(<250 nT) and these 2 days are regarded as quiet days. AE then increased to ~750 nT at 8 UT on DOY
147, and this disturbance continued until 20 UT when it decreased to less than 250 nT. Kp was 0.3 during
most of the time on DOY 145 and 146. It suddenly increased from 0.3 to 3 from 18 to 21 UT on DOY 146.
Dst was mostly positive on DOY 145 and 146. It suddenly decreased from 16 to —1 nT around 7 UT on
DOY 147 and finally reached a minimum of —16 nT at 21 UT on the same day. Based on the evolution of
AE, Kp, and Dst, we can see that there was a weak geomagnetic disturbance appearing around 8 UT and
ending near 20 UT on DOY 147.

The second and third subplots of the first column of Figure 1 show the percentage difference of Y,0/N, at
13:10 UT between the two quiet days (middle) and between the disturbed and quiet days (bottom) for the
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Figure 1. (First row) The AE indices for three cases (DOY 145-148; DOY 153-156; DOY 162-165 in 2019); (second row) the percentage differences of Y O/N,
between the two quiet days in the three cases; (third row) the percentage differences between the disturbed and quiet days. The longitude and the
corresponding local time are given as the x-axis. The red line is 250 nT.

weak geomagnetic activity on DOY 147. We can see that the Y O/N, percentage difference between DOY 145
and 146 only exhibited a small region with a maximum depletion of —15% (90-110°W, 30-35°N). On the
other hand, the >,0/N, percentage difference between DOY 147 and 146 exhibited a large region with a
maximum depletion of —23%. This large depletion region was mainly distributed in the early morning
and noon sectors. The earlier LT depletion penetrated southward, reaching mid-low latitudes (~20°N). By
checking the time series of the percentage difference of ) O/N, (see Movie S1), we found that the
observed depletion region appeared at 8:10 UT in the GOLD field of view (FOV) and moved toward local
early morning and afternoon sectors. It also extended equatorward to ~20°N before 13:40 UT. Then, it
gradually shrank back to 45°N at 17:40 UT but again expanded latitudinally after 19:10 UT, reaching
~35°N until the observation period ended at 22:40 UT. The maximum depletion (percentage difference)
reached —30%.

We found two additional cases in 2019 that meet the selection criteria. One is from DOY 153 to 156 (2-5
June). DOY 153 and 154 were quiet days, and DOY 155 and 156 were disturbed days (hereafter Case 2).
Another is from DOY 162-165 (11-14 June). DOY 162 and 163 were quiet days, and DOY 164 and 165 were
disturbed days (hereafter Case 3). As shown in the top middle panel in Figures 1 and S1, the geomagnetic
disturbance of Case 2 began at 15 UT on DOY 155 and continued to 3 UT on DOY 156, with a maximum
Kp of 2.3, AE of 900 nT and a minimum Dst of —25 nT. Although there were several AE peaks over
250 nT on DOY 153 and 154, their durations were less than 1 hr, and therefore, DOY 153 and 154 were still
regarded as quiet days. Case 3 is shown in the top right panel of Figures 1 and S1. In this case, several geo-
magnetic disturbances occurred after 7 UT on DOY 164 and finally ended at 15 UT on DOY 165. The max-
imum AE and Kp were 770 nT and 4, respectively, and minimum Dst was —12 nT. The ) 0/N, percentage
differences between quiet and disturbed times in Cases 2 and 3 are shown at different UTs from Case 1 due to
the different onset times of the geomagnetic disturbances. For the percentage difference between the dis-
turbed and quiet times at 12:10 UT in Case 2, there was a region of ),0/N, depletion between 40°W and
75°W, 10°N and 50°N with a maximum depletion of —25%. For the percentage difference between the dis-
turbed and quiet times at 10:10 UT in Case 3, ),0/N, depletion occurred between 20°W and 80°W, 30°N
and 70°N with a maximum depletion of —25%. It should be noted that for Case 2, Figure 1 shows the percen-
tage difference between DOY 156 and 154 not DOY 155 and 154 because there was only depletion near the
upper edge of the GOLD scanned region (60-70°N, 70-90°W with larger measurement error) after 20:40 UT
on DOY 155. However, the >,0/N, depletion appeared and extended to mid-low latitudes (as low as 10°N)
after the end of the geomagnetic disturbance at 3 UT on DOY 156. The depletion continued during the whole
observation period (6:10-22:40 UT: 3-19 hr after the geomagnetic disturbance ended) in the GOLD scanned
region (see Movie S2). Likewise, for Case 3, Figure 1 shows the percentage difference between DOY 165 and
163, because there was no ),0/N, depletion on DOY 164 seen in the GOLD scanned region. The depletion of
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> 0/N, on DOY 165 was relatively weaker (—15% to —20%) compared with those in Cases 1 and 2, and so
was the AE index. For the percentage difference between DOY 165 and 163, the depletion was apparent
beginning from 6:40 UT (approximately —20%) and almost disappeared after 13:40 UT, though the
geomagnetic disturbance continued until 15 UT on DOY 165. Since the GOLD observations do not cover
70-90°N, it is difficult to know whether there was a depletion in the high latitude region. In all, these
three cases suggest that 3 O/N, in the Northern Hemisphere (North America and Atlantic Ocean) exhibits
strong responses (maximum depletion —30%, penetrating equatorward to ~10°N) on the dayside to weak
geomagnetic disturbances (1 < Kp < 5, 250 < AE < 1,000 nT). And they can last long after the disturbance
ends (>10 hr).

4. Model-Data Comparison

In the following, we use the TIE-GCM simulations to understand the formation and evolution of the
observed daytime Y O/N, depletion. The reference altitude of N, column density of 10'”/cm? in the model
is around 135-140 km. The model shows similar Y O/N, depletion to the observations for all the cases. Here,
we use the percentage difference between DOY 156 and 154 in Case 2 as an example, as the simulated
> 0/N, was closest to the observations (GOLD and TIE-GCM comparison for the two other cases are given
in Figure S2). Figure 2 shows the comparisons of the percentage difference between DOY 156 and 154 in the
TIE-GCM simulations and GOLD observations at 8:10, 10:40, and 13:10 UT. Both exhibit >,0/N, depletion
in mid-low latitudes (15-50°N). Although there are some quantitative differences, such as the 5-10° wider
longitude range, larger magnitude of the simulated >,0/N, depletion (5-10% more than observed) and dif-
ferent westward motion velocities (~160 m/s for simulation and ~50-100 m/s for observation), the basic
structures are similar between simulations and observations.

Those model-data discrepancies might be attributed to the thermosphere day-to-day variability caused by
lower atmosphere forcing such as planetary wave and tides. Furthermore, the model's high-latitude forcing
is based on empirical Weimer model (Weimer, 2005), which can be very different from the actual forcing.
The similarity between the observations and simulations indicates that the TIE-GCM can be used to uncover
the formation mechanisms of the daytime ) 0/N, depletion due to weak geomagnetic activity and its long
duration. The bottom panels of Figure 2 show the neutral wind differences vectors (pink) at the model pres-
sure level z= —1.375 (near altitude around 160 km) on DOY 156. Westward zonal wind differences (approxi-
mately —70 m/s) were dominant near the west edge of the ),0/N, depletion, whereas the equatorward
meridional wind difference was strong inside the >,0/N, depletion. From 8:10 to 13:10 UT, the wind differ-
ences decreased, but the depletion region kept moving westward. The behavior of neutral wind difference
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and the westward motion of );0/N, depletion suggest the possible important role of the horizontal wind,
which will be investigated in next section.

5. Discussion

Diagnostic analysis of the O continuity equation (Burns et al., 1989) has been carried out to obtain insight
into the formation and development of daytime Y O/N, depletions at middle and low latitudes. Y 0/N,
occurs approximately on a constant pressure surface. Thus, thermal expansion and contraction do not affect
it because they merely move the pressure surface up and down.

Figure S3 shows the latitude-longitude distribution of the difference of vertical advection (dAVAO), meridio-
nal advection (dHAOV), zonal advection ({HAOU), and molecular diffusion (A(DOME) between DOY 154
and 156 at pressure level —1.375 at 8:10 UT. As shown in Figure S3, zonal advection was the dominant pro-
cess for the westward motion of the Y O/N, depletion region, as compared to other processes. The time series
of the term analysis of O at pressure level —1.375 on DOY 156 (see Movie S3) also shows that zonal advection
dominates the westward motion of »,0/N, after the ending of weak geomagnetic activity on DOY 156 (after
3 UT). In the following, we investigate the time evolution of the Y 0/N, depletion during the geomagnetic
disturbance to understand how this depletion was formed and whether the formation process was similar to
that which occurred during geomagnetic storms.

As mentioned earlier, the geomagnetic disturbance in Case 2 started at around 15 UT on DOY 155
and continued until 3 UT on DOY 156 with a maximum AE of 900 nT and Kp of 2.3. We focus on the
time before the beginning of GOLD observations on DOY 156 (6:10 UT) to investigate how the > O/N,
depletion was formed. Figure 3 shows the latitude-longitude distribution of Y O/N, percentage difference
on DOY 155 (17:10-23:10 UT) and 156 (2:10-6:10 UT). When the geomagnetic disturbance began, the
model-calculated vertical winds increased greatly (4 m/s at model pressure level z = —1.375) near
60-80°N between 1-3 LT due to the temperature changes caused by Joule heating (not shown here). The
upward vertical winds led to a reduction in ) ,0/N, in the high-latitude thermosphere. Then ion-neutral cou-
pling drove strong meridional winds which carried the O/N, -depleted air equatorward (Mayr et al., 1978;
Prolss, 1980). Figure 3a shows a weak depletion near 21-1 LT in the high latitudes (70-90°N). Then, this
depletion became stronger and expanded equatorward, as well as toward midnight and the early morning
sectors (from 21 LT at 17:10 UT to 22 LT at 20:10 UT and to 2:10 LT at 23:10 UT, as shown in Figures 3b
and 3c). It is interesting to notice that there were already some depletions in the midlatitudes (near 5:10
LT at 17:10 UT) even before the commencement of the geomagnetic activity at 15 UT on DOY 155, which
will be studied in later work. The neutral wind differences in the depletion region (not shown) also had a
large equatorward component (around —100 to —200 m/s). On DOY 156, the depletion structure kept
expanding equatorward to midlatitude and lowlatitude until 4:10 UT (Figures 3d-3e). It subsequently moved
slowly westward, as shown in Figure 3f. This is similar to the observed Y,0/N, depletion seen by GOLD after
7:40 UT. The time evolution of the Y O/N, depletion structure and the underlying physical mechanism
inferred from Figure 3 agree with the concept proposed by Prolss (1980, 1981). In particular, the disturbance
region of neutral species due to the geomagnetic storm corotated toward the local early morning or even the
noon side from the local nightside. Therefore, the behavior of the ) O/N, response in the Northern
Hemisphere to weak geomagnetic activity during solar minimum is similar to what occurs during geomag-
netic storms. This is clearly demonstrated by both observations and model simulations in this paper.

Furthermore, several previous studies reported observations (de La Beaujardiere et al., 2009) or simulations
(Liu et al., 2010) of electron density depletions during geomagnetically quiet conditions (Kp < 4). They
attributed these depletions to the lower atmosphere (below 80 km) forcing such as planetary waves and tides.
From GOLD observations and the close relationship between electron density and O/N, in the middle lati-
tudes, electron density depletions seen under these conditions thus may not be entirely due to the lower
atmosphere forcing. Weak geomagnetic activity can play a crucial role in forming the depletions and their
subsequent evolutions. Understanding the O/N, variations and their associated plasma density variations
in the ionosphere is of great importance.

In support of these three case studies, we also looked for other similar events that satisfied the aforemen-
tioned criteria. There were 25 cases of weak geomagnetic activity events between 1 October 2018 and 31
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Figure 3. Latitude-longitude distribution of ),0/N, percentage differences between the disturbed and quiet times on (a-c) DOY 155 and (d-f) 156 before GOLD

observations.

December 2019 that met these criteria. More than 70% of them were associated with ) 0/N, depletions. The
duration of that daytime ),0/N, depletions was longer than 4 hr in these cases. The strong and long-lived
> O/N, depletions seen in the three cases are therefore common in the thermosphere under weak
geomagnetic activity conditions. It is also interesting to notice that there were no apparent » ,O/N,
depletions in the northern winter hemisphere during the December solstice. Depletions appeared in the
southern summer hemisphere instead.

The time difference between the geomagnetic disturbance onset and the time when the depletion appeared
in the GOLD FOV can vary from 3 hr to more than 12 hr. The possible causes of these different response
times are an interesting topic for future study.

6. Conclusion

We reported that GOLD observed Northern Hemisphere ) O/N, responses to weak geomagnetic activity
(1 <Kp < 5and 250 < AE < 1,000 nT) and investigated their formation and propagation mechanisms using
the NCAR TIE-GCM. Our main findings are summarized as follows:

1. The Northern Hemisphere ) 0/N, was depleted during and after weak geomagnetic disturbances under
solar minimum “quiet” conditions. The maximum depletion reached —30% and expanded equatorward
to 10°N.

2. The depletions of the Northern Hemisphere ) O/N, during weak geomagnetic disturbances can persist
for a long time (more than 10 hr), even after the end of the disturbances.

3. TIE-GCM simulations show similar ),0/N, depletion patterns. The depletions were first formed mainly
by strong vertical winds and then pushed equatorward by the meridional winds in the nighttime. The
depletion region subsequently corotated into the early morning and noon sectors. It then slowly moved
westward, mainly driven by the westward zonal winds.

4. The behavior of the neutral composition response to weak geomagnetic disturbances is similar to that
which occurs during geomagnetic storms.

5. This paper demonstrates that weak geomagnetic activity plays an important role in the variations of ther-
mosphere composition during solar minimum “quiet” conditions.

Data Availability Statement

The GOLD data are available from http://gold.cs.ucf.edu/. The Auroral electrojet index data are from http://
supermag.jhuapl.edu/. The Kp and Dst data are from https://omniweb.gsfc.nasa.gov/form/dx1.html. The
TIE-GCM simulation results used to produce this paper are available at https://doi.org/10.5065/7dvt-rm26.
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