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Abstract 1o investigate ionosphere variability during the 2009 sudden stratosphere warming (SSW),
we present simulation results that combine the Whole Atmosphere Community Climate Model Extended
version and the thermosphere-ionosphere-mesosphere electrodynamics general circulation model
(TIME-GCM). The simulations reveal notable enhancements in both the migrating semidiurnal solar (SW2)
and lunar (M,) tides during the SSW. The SW2 and M, amplitudes reach ~50 m s=! and ~40 m s~',
respectively, in zonal wind at E region altitudes. The dramatic increase in the M, at these altitudes
influences the dynamo generation of electric fields, and the importance of the M, on the ionosphere
variability during the 2009 SSW is demonstrated by comparing simulations with and without the M.
TIME-GCM simulations that incorporate the M, are found to be in good agreement with Jicamarca
Incoherent Scatter Radar vertical plasma drifts and Constellation Observing System for Meteorology,
lonosphere, and Climate (COSMIC) observations of the maximum F region electron density. The agreement
with observations is worse if the M, is not included in the simulation, demonstrating that the lunar tide is
an important contributor to the ionosphere variability during the 2009 SSW. We additionally investigate
sources of the F region electron density variability during the SSW. The primary driver of the electron density
variability is changes in electric fields. Changes in meridional neutral winds and thermosphere composition
are found to also contribute to the electron density variability during the 2009 SSW. The electron density
variability for the 2009 SSW is therefore not solely due to variability in electric fields as previously thought.

1. Introduction

The high-latitude wintertime stratosphere is frequently disturbed due to the interaction between upward
propagating waves and the zonal mean flow. In the most dynamically disturbed cases, referred to as sudden
stratosphere warmings (SSWs), the stratospheric polar temperature rapidly increases, the normally eastward
winds in the high-latitude stratosphere (60°N and 10 hPa) decelerate, potentially reversing direction, and
the structure of the polar vortex changes significantly [Schoeberl, 1978; Harvey et al., 2002; Limpasuvan et al.,
2004; Charlton and Polvani, 2007]. A SSW is considered to be a major warming if the zonal mean zonal wind
at 60°N and 10 hPa reverses from eastward to westward. During minor SSWs, the zonal mean zonal wind

at 60°N and 10 hPa decelerates but remains eastward. Several studies have demonstrated that significant
cooling occurs in the mesosphere and lower thermosphere (MLT) during SSWs [e.g., Walterscheid et al., 2000;
Liu and Roble, 2002; Hoffmann et al., 2007; Manney et al., 2008, 2009], and the effects of SSWs are thus not
limited to the high-latitude stratosphere but rather extend throughout the atmosphere.

A connection between variability in the stratosphere and the ionosphere was first recognized several
decades ago [Fraser and Thorpe, 1976; Fraser and Wratt, 1976; Fraser, 1977]. Stening [1977] and Stening et al.
[1996] were the first to hypothesize a connection between SSWs and variability in the low-latitude iono-
sphere. Despite these early studies, it is only recently that the coupling between SSWs and ionosphere
variability has been investigated in significant detail. This is likely related to an increased appreciation for
the role of the lower atmosphere on producing ionosphere variability, along with the increasing number of
global observations. More recent observations have demonstrated the impact of SSWs on equatorial vertical
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plasma drifts [Chau et al., 2009, 2010; Fejer et al., 2010, 2011; Rodrigues et al., 2011], geomagnetic observa-
tions [Yamazaki et al., 2012a, 2012b], ionosphere electron densities [Goncharenko et al., 2010a, 2010b; Lin et
al., 2012; Pancheva and Mukhtarov, 2011; Yue et al., 2010], and ion temperatures [Goncharenko and Zhang,
2008]. The ionosphere variability during SSWs has also been simulated by coupling whole atmosphere
models with global models of the ionosphere [Fuller-Rowell et al., 2010, 2011; Jin et al., 2012; Pedatella and
Liu, 2013]. Numerical simulations clearly demonstrate that the changes in the ionosphere during SSWs are
driven by the upward propagation of dynamical variability from the lower atmosphere and not of external
(i.e., solar) origin.

Although the connection between SSWs and ionosphere variability is now well established observationally,
the mechanisms responsible for generating the ionosphere disturbances remains an active area of research.
The generally accepted mechanism for coupling SSWs to ionosphere variability is through modulation of
solar and/or lunar atmospheric tides [Chau et al., 2012]. In particular, changes in the solar and lunar migrat-
ing semidiurnal tides (SW2 and M,, respectively), and the westward propagating nonmigrating semidiurnal
tide with zonal wave number 1 (SW1) are thought to be responsible for generating the ionosphere vari-
ability. Changes in the migrating diurnal tide (DW1) may also occur during SSWs. Compared to the in situ
component generated by solar radiation, the upward propagating component of the DW1 does not signif-
icantly influence the electrodynamics [e.g., Millward et al., 2001], and SSW-induced variability in the upward
propagating DW1 is therefore not thought to have a large impact on the ionosphere. The tidal variability
can influence the dynamo generation of electric fields and subsequently generate changes in ionospheric
electron densities [e.g., Liu and Richmond, 2013]. Tidal changes during SSWs may occur due to the influence
of changes in the zonal mean atmosphere on tidal propagation [Stening et al., 1997; Jin et al., 2012; Forbes
and Zhang, 2012; Pedatella and Liu, 2013], changes in ozone forcing of the SW2 [Goncharenko et al., 2012],
and nonlinear planetary wave tide interactions [Pedatella and Forbes, 2010; Liu et al., 2010]. Using idealized
simulations, Pedatella and Liu [2013] concluded that, for an average major SSW, the ionosphere variability
is primarily due to the SW2, with secondary contributions from the SW1 and M,. The ionosphere variability
during SSWs is thus connected to changes in several different atmospheric tides.

In addition to changes in electric fields, other mechanisms have the potential to produce electron den-
sity variability during SSWs. Observations of Gong et al. [2013] reveal changes in the meridional winds at

F region altitudes during SSWs. Furthermore, Goncharenko et al. [2013] observed significant tidal variability
in ion temperature at F region altitudes, and the tides in F region winds are also likely to be modulated dur-
ing SSWs. F region meridional winds are a well-known mechanism for changing the F region peak height
(HmF2) and electron density [e.g., Rishbeth, 1967]. Changes in F region meridional winds should therefore
be considered a possible contributor to the ionosphere variability during SSWs. Another potential mecha-
nism for generating ionosphere variability during SSWs is changes in O/N,. Ot is the dominant ion in the F
region, and it is primarily produced by photo-ionization of O. Loss of O* occurs through ion exchange reac-
tions with O, and N, and subsequent dissociative recombination [e.g., Rishbeth, 1962]. Changes in O/N, thus
influence the production and loss of Ot ions, leading to changes in the electron density. Dissipation of tides
influences O/N, through changes in the global thermospheric circulation [Forbes et al., 1993; Yamazaki and
Richmond, 2013; Siskind et al., 2014], and given that large tidal changes are known to occur during SSWs, it
is therefore considered plausible that O/N, variability may play a role in generating ionospheric variability
during SSWs.

In the present study, a combination of the National Center for Atmospheric Research (NCAR) Whole
Atmosphere Community Climate Model Extended version (WACCM-X) and the thermosphere-ionosphere-
mesosphere electrodynamics general circulation model (TIME-GCM) is used to simulated the 2009 SSW

in order to address several outstanding questions pertaining to atmosphere-ionosphere coupling during
SSWs. The 2009 SSW was an extreme event, and its influence on the middle and upper atmosphere has been
extensively studied in both models and observations [Chau et al., 2010; Goncharenko et al., 2010b; Manney
et al., 2009; Sassi et al., 2013; Jin et al., 2012; Fuller-Rowell et al., 2011]. It thus represents an ideal test case.
We first investigate the role of the M, lunar tide on ionosphere variability during the 2009 SSW. Although
Pedatella and Liu [2013] found that, on average, the M, lunar tide contributes up to ~30% of the ionosphere
response to SSWs, Forbes and Zhang [2012] found that during the 2009 SSW the M, lunar tide obtained
amplitudes of up to 40-60 m s~ in zonal wind at E region altitudes. Such a dramatic enhancement suggests
that the M, lunar tide may have a considerable impact on the ionosphere variability during the 2009 SSW.
We additionally investigate the role of changes in F region meridional neutral winds and thermospheric
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composition on the changes in ionospheric electron density during the 2009 SSW. Our simulations illustrate
that factors other than tidally induced changes in ionospheric electric fields contribute to F region elec-
tron density variability during the 2009 SSWs, and thus provide insight into additional processes that are
potentially important for atmosphere-ionosphere coupling during SSWs.

2. Model Simulations

The NCAR TIME-GCM is a three-dimensional time-dependent global model of the mesosphere, thermo-
sphere, and ionosphere including self-consistent electrodynamics. The TIME-GCM uses pressure coordinates
in the vertical direction, and the vertical domain extends from 10 hPa to ~ 4 x 10~'° hPa. This corresponds
to altitudes of roughly 30 km to 400-700 km, with the altitude of the model upper boundary varying based
on solar conditions. A detailed overview of the TIME-GCM is provided by Roble [1995] and Roble and Ridley
[1994] and is not repeated herein. The TIME-GCM simulations performed in the present study use a horizon-
tal resolution of 2.5° in latitude and longitude and a vertical resolution of 0.25 scale height. The simulations
are performed for fixed solar minimum (F,,, = 75 X 10722 Wm~2 Hz"") and geomagnetically quiet condi-
tions. January and February 2009 were characterized by low, and quiet, solar and geomagnetic conditions.
The neglect of any solar or geomagnetic variations is therefore a reasonable assumption and allows us to
clearly distinguish the ionosphere variability that occurs in response to the 2009 SSW.

To simulate the 2009 SSW in the TIME-GCM, hourly output (geopotential height, temperature, and zonal and
meridional winds) from WACCM-X simulations of the 2009 SSW are applied at the model lower boundary
(10 hPa). The WACCM-X simulations were constrained by nudging WACCM-X toward a combined reanaly-
sis of the Navy Operational Global Atmospheric Prediction System-Advanced Level Physics High Altitude
(NOGAPS-ALPHA) and the NASA Modern Era Retrospective Analysis for Research and Applications (MERRA),
and thus reproduce the dynamical variability of the 2009 SSW. The reader is referred to Sassi et al. [2013] for
details regarding the WACCM-X simulations. In addition to forcing the model lower boundary, the TIME-GCM
zonal mean zonal and meridional winds and temperatures are nudged toward the WACCM-X zonal means
up to an altitude of ~95 km. The nudging is done using the same approach as Pedatella and Liu [2013] and
is necessary to ensure that the TIME-GCM reproduces the dynamical variability during the 2009 SSW. Note
that we only nudge the zonal means, as opposed to the full fields, to permit experiments with an additional
lunar semidiurnal tide forcing as described below.

Observations and simulations reveal that the M, was dramatically enhanced during the 2009 SSW [Forbes
and Zhang, 2012; Sathishkumar and Sridharan, 2013]. The M, enhancement is thus important to consider
in simulating the ionosphere perturbations during the 2009 SSW. To illustrate the role of the M, on the
ionosphere during the 2009 SSW, we have performed two simulations: one with and one without an addi-
tional M, forcing at the TIME-GCM lower boundary. Note that the WACCM-X simulation used to constrain
the TIME-GCM does not include any gravitational lunar tides, and it is thus necessary to add an additional
forcing to the TIME-GCM. In the simulation without any lunar tide forcing, the TIME-GCM lower boundary
is only forced by WACCM-X as previously described. The additional M, forcing for the simulation with the
lunar tide comes from the global scale wave model (GSWM) simulations of Forbes and Zhang [2012]. The
two simulations are identical except for the M, forcing, and by comparing the two simulations, we are able
to clearly demonstrate the impact of the M, on ionosphere variability during the 2009 SSW. A third simu-
lation was also performed using climatological zonal means, as well as migrating diurnal and semidiurnal
solar tides from GSWM-02 [Hagan and Forbes, 2002, 2003]. This simulation serves as a control simulation
and does not include the effects of the SSW. We present differences relative to the control simulation to
clearly illustrate the effects of the SSW on the ionosphere and eliminate any longer-term seasonal variability
from the simulations.

3. Observations

The TIME-GCM simulations are compared with observations from the Jicamarca Radio Observatory (11.95°S
and 76.87°W geographic; 1.92°S magnetic latitude) incoherent scatter radar (ISR) and global satellite obser-
vations from the Constellation Observing System for Meteorology, lonosphere, and Climate (COSMIC).

The Jicamarca ISR measures vertical plasma drifts every 5 min using the technique described by Kudeki et
al. [1999]. The daytime vertical plasma drifts are averaged over the altitude range of 200 to 400 km. The
Jicamarca vertical plasma drifts during the 2009 SSW have previously been presented by Chau et al. [2010].
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Figure 1. (a) TIME-GCM zonal mean temperature averaged between 70 and 80°N latitude. (b) TIME-GCM zonal mean
zonal wind at 60°N latitude.

Vertical plasma drift anomalies from the empirical model of Scherliess and Fejer [1999] are presented in
section 4.2.

To complement the Jicamarca ISR observations, we use global ionosphere observations from the COSMIC
satellites. COSMIC is a six-satellite constellation that observes the neutral atmosphere and ionosphere using
the technique of Global Positioning System (GPS) radio occultation [Rocken et al., 2000; Anthes et al., 2008].
The Abel inversion is used to obtain electron density profiles from the GPS observations [Schreiner et al.,
1999]. For the present study, we use the retrieved maximum F region electron density (NmF2), which is
not significantly impacted by the assumption of spherical symmetry in the Abel inversion [Yue et al., 2010].
COSMIC observations have previously been used to study the 2009 SSW by, for example, Yue et al. [2010],
Jin et al. [2012], and Lin et al. [2012]. The COSMIC observations are binned using a 5 day running mean in
2.5° magnetic latitude and 1 h local time (LT) bins. Longitude variability is neglected in order to reduce the
temporal window of the running average.

4, Results and Discussion

4.1. Zonal Mean and Tidal Variability

Vertical profiles of the zonal mean temperature averaged between 70° and 80°N latitude and zonal mean
zonal wind at 60°N latitude are shown in Figure 1. The results in Figure 1 are from the TIME-GCM simulation
nudged by WACCM-X. The descent of the stratopause beginning around day 15, along with the forma-
tion of an elevated stratopause around day 35 can clearly be seen in Figure 1a. A mesospheric cooling
occurs between days 20 and 30, and this coincides with the SSW. The deceleration of the eastward strato-
spheric winds and reversal to westward winds around day 20-25 can be seen in Figure 1b. The reversal of
the eastward stratospheric winds to westward is accompanied by a reversal of the mesospheric winds from
westward to eastward. The results shown in Figure 1 are generally consistent with observations as well as
different whole atmosphere model simulations of the 2009 SSW [Smith et al., 2009; Pedatella et al., 2014]
and demonstrate that the approach employed in the present study is able to reproduce the zonal mean
dynamical variability during the 2009 SSW in the TIME-GCM.

The SW2 and M, amplitudes and phases in zonal wind at 110 km are shown in Figure 2 for January and
February 2009. Note that the results in Figure 2 are based on determining the full spectrum of tides using a
running 14.75 day window. The fit window is roughly half of a lunar cycle and is necessary in order to sepa-
rate the SW2 and M, tides. For the SW2 (Figures 2a and 2b), the TIME-GCM simulations reveal enhancements
at middle-high latitudes in both hemispheres during the SSW. The maximum amplitudes occur around
days 25-27 in the Southern Hemisphere, and 1 to 2 days later in the Northern Hemisphere. The SW2 attains
amplitudes of ~50 m s~ in the Northern Hemisphere, and ~45 m s~ in the Southern Hemisphere. These
enhancements represent an approximate doubling of the SW2 amplitude compared to conditions prior to
the SSW in early January. We note that the maximum SW2 amplitudes occur after the onset of major SSW
conditions (day 24), and this is consistent with other numerical simulations of the 2009 SSW [Pedatella et al.,
2014]. However, unlike other simulations, the TIME-GCM simulations only indicate a weak decrease in the
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Figure 2. (a) Amplitude and (b) phase of the migrating semidiurnal solar tide (SW2) in zonal wind at 110 km. (c and d)
Same as Figures 2a and 2b except for the migrating semidiurnal lunar tide (M,).

Southern Hemisphere SW2 prior to the SSW. This may be related to the fact that this decrease is not strong
in the WACCM-X simulations used as forcing for the TIME-GCM. Variability in the SW2 phase is especially
apparent in the Southern Hemisphere where the phase decreases by several hours around the time of the
SSW. In the Northern Hemisphere, the phase is nearly constant, although it does increase by ~1 h around
the time of the SSW.

Large changes also occur in the TIME-GCM simulated M, during the SSW (Figures 2c and 2d). At middle-high
latitudes in the Northern Hemisphere, the M, amplitude reaches ~40 m s~' around day 30. This represents
a several times increase of the M, amplitude due to the SSW. The M, enhancement during the 2009 SSW is
thus significantly greater than the simulated enhancement for an average SSW [e.g., Pedatella et al., 2012;
Pedatella and Liu, 2013]. The drastic enhancement in the M, during the 2009 SSW in our simulations is, how-
ever, consistent with the prior simulations of Forbes and Zhang [2012]. The M, phase is shifted earlier by
several hours during the SSW. The changes in the M, amplitude and phase can be attributed to the influ-
ence of changes in the background zonal mean atmosphere during the SSW [Forbes and Zhang, 2012]. Given
that the M, obtains amplitudes that are nearly equivalent to the SW2, we can conclude that the M, is an
important contributor to the MLT dynamics during the 2009 SSW and is also likely to influence variability in
the ionosphere.

4.2. lonosphere Variability

We now turn our attention to the ionosphere variability simulated by the TIME-GCM. The simulated and
observed changes in vertical plasma drift velocity at Jicamarca are shown in Figure 3. Results for the
TIME-GCM simulations with and without the GSWM lunar tide forcing are shown in Figures 3a and 3b,
respectively. Note that the TIME-GCM results shown in Figure 3, and subsequent figures, are differences with
respect to the TIME-GCM simulation forced only with GSWM-02 migrating diurnal and semidiurnal tides. A 3
day smoothing has also been applied in Figures 3a and 3b to make the salient features more apparent. The
observations (Figure 3c) indicate an initial decrease in the vertical plasma drift velocity in the morning and
an increase in the afternoon. The morning decrease progresses toward later local times beginning around
day 20. The initial suppression of the morning vertical plasma drift velocities is replaced by an increase

in the morning vertical plasma drift velocities beginning around day 25. The local time of the maximum
enhancement progresses toward later local times over several days.
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The two TIME-GCM simulations show
an enhancement in the morning verti-
cal plasma drift velocity that progresses
toward later local times, as well as a
decrease in the afternoon vertical plasma
drift velocity. In this sense, both of

the TIME-GCM simulations are char-
acteristically similar to the Jicamarca
ISR observations. There are, however,
notable differences in the timing of the
vertical plasma drift velocity perturba-
tions in the two TIME-GCM simulations.
In particular, the simulation without the
lunar tide (Figure 3b) shows an increase
in the morning vertical plasma drift
velocity from days 15-20 that slowly
progresses toward later local times

6 T T T beginning around day 20. The progres-
sion of the vertical drift enhancement
toward later local times is attributed

to changes in the SW2 amplitude and

Local Time

Local Time

Local Time

Day of Year, 2009

Figure 3. (a) TIME-GCM-simulated changes in the 300 km equatorial
ical pl ift velocity at 75°W longitude for the simulation with .

vertlca. plasma drift ve OC.Ity at 75°W longitude qrt e simu a.tlon wit| phase [Pedatella and Liu, 2013]. The

lunar tides. (b) Same as Figure 3a except for the simulation without - ; .

lunar tides. (c) Observed change in the vertical plasma drift velocity at ~ Morning vertical drift enhancements are

Jicamarca Radio Observatory. replaced by a decrease in the morning

vertical plasma drift velocity that occurs

between days 22-32. The timing of the
increase and decrease of the vertical plasma drift velocities for the simulation without lunar tide forcing
is thus in disagreement with the observations. The timing of the vertical plasma drift velocity perturba-
tions is significantly improved for the simulation with lunar tide forcing (Figure 3a). In this simulation, the
enhancement of morning vertical plasma drift velocity perturbations, and a progression toward later local
times, does not occur until around day 25. The decrease in the morning vertical plasma drift velocity is also
delayed until day 28, which is in better agreement with the observations. The rate that the vertical plasma
drift anomalies progress toward later local times is also more consistent with the observations in the simula-
tion that includes lunar tide forcing. This comparison leads us to conclude that, for the 2009 SSW, the lunar
tide is an important contributor to variability in the low-latitude ionosphere. Although the TIME-GCM sim-
ulations capture many of the general features of the observed vertical plasma drift velocity perturbations
during the 2009 SSW, there remain some notable differences between the simulations and observations.
The most notable differences are the absence of the initial decrease in early morning vertical plasma drifts
between days 15 and 20, and an apparent shift in the onset of the progression of the vertical drift anoma-
lies toward later local times, which occur a few days later in the simulations compared to the observations.
Despite these differences, the overall agreement between the TIME-GCM simulation with lunar tide forcing
and the Jicamarca ISR observations demonstrates that the simulations are generally able to reproduce the
ionosphere variability during the SSW.

The zonal mean NmF2 observed by the COSMIC satellites and simulated by the TIME-GCM at 10 and 18 LT
is shown in Figure 4. The results at 10 and 18 LT are considered as representative of the morning and after-
noon/evening electron density variability. The results at other local times are similar and lead to similar
conclusions. All of the results shown in Figure 4 are based on a 5 day running mean, and no background
has been removed. Although the temporal resolution is relatively coarse, Figure 4 provides a global com-
parison to complement the results from a single location that were presented in Figure 3. Results for the
TIME-GCM simulations with (Figures 4a and 4d) and without (Figures 4b and 4e) the M, lunar tide forcing
are again presented for comparison with the observations. It is first apparent that the TIME-GCM generally
underestimates the NmF2 compared to the observations; however, we are interested in the temporal vari-
ability due to the SSW, and the slight underestimation of the NmF2 in the simulations is not of concern. At
10 LT, the COSMIC observations reveal enhanced NmF2 in the northern and southern equatorial ionization
anomaly (EIA) crests around days 25-30 and another enhancement near day 40. A decrease in the EIA trough
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Figure 4. (a) TIME-GCM-simulated zonal mean NmF2 at 10 LT for the simulation with lunar tides. (b) Same as Figure 4a
except for the simulation without lunar tides. (c) Zonal mean NmF2 at 10 LT from COSMIC observations. (d-f) Same as
Figures 4a-4c) except for at 18 LT. Results are 5 day moving average.

also occurs between days 25 and 30. The enhancement at 10 LT around the time of the SSW (days 25-30) is
consistent with previous observations [Goncharenko et al., 2010a; Lin et al., 2012]. At 18 LT (Figures 4d-4f),
the COSMIC observations reveal a decrease in the low-latitude zonal mean NmF2 between days 25 and 35,
followed by a strong increase from days 35 to 40. We again note that the decrease in afternoon electron
density around the time of the SSW peak is consistent with prior observations [Goncharenko et al., 2010a;
Lin et al., 2012]. Only a small decrease in NmF2 at 18 LT occurs around the time of the SSW in the simulation
without the M,. A strong decrease occurs in the TIME-GCM simulation with lunar tides, and the timing of
the maximum decrease is around day 30, which is consistent with the COSMIC observations. However, this
simulation shows an increase around day 25 that is not apparent in the observations. Both TIME-GCM sim-
ulations capture the enhancement on days 35-40 and after day 45. These enhancements are stronger, and
more consistent with the observations, in the simulation with lunar tide forcing. Considering the results in
Figures 3 and 4, we can conclude that the M, lunar tide significantly influences the ionosphere response to
the 2009 SSW. Furthermore, the results demonstrate that including the M, is important for modeling the
ionosphere response to the 2009 SSW, at least in our WACCM-X/TIME-GCM simulations.

4.3. Sources of Electron Density Variability

The F region electron density variability that occurs during SSWs is typically attributed to changes in atmo-
spheric tides which influence the dynamo generation of electric fields. The resulting influence on equatorial
vertical plasma drifts is thought to generate the changes in equatorial and low-latitude electron densities
[Chau et al., 2012]. This mechanism is supported by the large changes in semidiurnal tides (Figure 2) and
the predominately semidiurnal nature of the equatorial vertical plasma drift (Figure 3) and electron density
(Figure 4) variability during SSWs. While this mechanism may be the dominant driver of the electron den-
sity variability, it is important to consider the potential role of additional mechanisms. In particular, in this
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section we seek to understand what, if any, influence meridional winds and thermosphere composition may
have on the ionosphere electron density variability during the 2009 SSW. To investigate the role of alterna-
tive sources of the electron density variability, we perform a term analysis of the ion continuity equation.
Following Lei et al. [2008], the F region ion density changes are described by the ion continuity equation:

M
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where N is the ion concentration, § is the loss coefficient, and g is the rate of production. The N term repre-
sents the loss rate. The final term in equation (1) represents effects due to transport by electric fields, neutral
winds, and ambipolar diffusion. We are only interested in the electron density changes occurring in the F
region where the ion composition is dominated by Ot ions. We thus only perform a term analysis of the ion
continuity equation for O*. Considering only O*, equation (1) can be written as

N+
ot

=(qo+ — Po+No+ =V - (N0+T/)o+) (2

Similar to Lei et al. [2008], we will refer to the terms go+ and fo+ N+ as production and loss, respectively.
-

The transport term (V - (Ng+ V o+)) is further broken down into transport by electric fields (trans_E x B),

neutral winds (trans_wind), and ambipolar diffusion (amb_diff). The rate of change of O* can thus be

written as

N+
ot

= production — loss + trans_E x B + trans_wind + amb_diff (3)

Figures 5-7 show zonal mean changes in electron density, amb_diff, trans_E x B, trans_wind, and
production-loss on days 24, 29, and 32, respectively. The changes are relative to the TIME-GCM control sim-
ulation. Results are shown at 10 LT (Figures 5a-5€, 6a—6e, and 7a-7e), and 18 LT (Figures 5f-5j, 6a—6e, and
7f-7j). Note that in Figures 5-7, the results are presented in terms of the model pressure levels as this is a
more appropriate coordinate for the analysis, especially when analyzing the neutral composition. Approx-
imate altitudes and the F region peak height (dashed black lines) are also included as a reference. On day
24, the electron density changes are as expected, with a slight decrease at 10 LT and a considerably larger
increase at 18 LT. The electron density changes are largest near, and slightly above, the F region peak height
at low latitudes. Considering the terms of the continuity equation, the changes in amb_diff are small and
tend to oppose the electron density changes. At 10 LT, trans_E X B decreases above, and increases below, the
F region peak. This is consistent with the decrease in vertical plasma drift velocity that occurred on this day
and local time (see Figure 8 for zonal mean vertical plasma drift perturbations which are slightly different
then those at the location of Jicamarca). Only small changes occur in the trans_E x B term at 18 LT, and this is
expected given the minimal change in vertical plasma drift velocity. Large changes are also apparent in both
the trans_wind and production-loss terms at both local times, and these are especially large at 18 LT. The
source of these changes will be discussed in more detail later. From comparing the change in electron den-
sity with the changes in the different terms of the ion continuity equation in Figure 5, it can be seen that the
electron density changes represent the combined effects of several different mechanisms. At low latitudes,
near, and above, the F region peak, the change in electron density is primarily driven by changes in trans-
port due to electric fields (trans_E x B) and meridional neutral winds (trans_wind). Below the F region peak,
changes in transport due to electric fields and meridional neutral winds are again the largest contributor

to the changes in electron density. However, at these altitudes changes in production-loss tend to oppose
the trans_E x B and trans_wind changes, resulting in generally small electron density changes below the

F region peak.

On day 29, there is almost no change in the electron density at 10 LT (Figure 6a), while the electron density
at 18 LT is decreased significantly above the F region peak (Figure 6f). The electron density changes again
primarily occur at low latitudes near the F region peak. At 10 LT, the vertical plasma drift increase (Figure 8)
leads to a decrease in the electron density below the F region peak, and this is reflected in the trans_E x B
changes shown in Figure 6c¢. This decrease is compensated by an increase in the production-loss term, lead-
ing to no net electron density changes. We will discuss the mechanism behind the production-loss changes
later. The decrease in vertical plasma drift velocity at 18 LT on day 29 (Figure 8) results in the trans_E x B
term increasing below the F region peak and decreasing in the topside ionosphere. The vertical plasma
drift changes are large (~12-15 m s7'), and changes in the trans_E x B term thus account for the majority
of the changes in electron density near and above the F region peak. Notable changes are also apparent

in the trans_wind and production-loss terms at 18 LT, and these changes will be discussed in more detail
later. We note that below the F region peak, changes in the production-loss term again tend to generally
oppose the changes in the trans_E x B term, leading to small electron density changes below the F region
peak. The results for day 32 (Figure 7) are generally similar to those on days 24 and 29. That is, the elec-
tron density changes are again dominated by changes in the trans_E X B term. Changes in the trans_wind
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Figure 7. Same as Figure 5 except on day 32.

and production-loss terms are again not negligible, suggesting that neutral wind and composition changes
contribute to the F region electron density variability during the 2009 SSW.

We now turn our attention toward understanding the changes in the trans_wind and production-loss terms
in Figures 5-7. Zonal mean meridional winds on TIME-GCM pressure level 4.0 (~325 km) at 10 and 18 LT are
shown in Figure 9. Raw winds are shown in Figures 9a and 9b, and the perturbations relative to the control
run are shown in Figures 9c and 9d. The results in Figure 9 reveal meridional wind changes in excess of
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Figure 8. TIME-GCM-simulated change in the zonal mean vertical that produce the trans_wind changes.
plasma drift velocity at the magnetic equator and 300 km. Results are ~ The latitudinal variation of the merid-
for the TIME-GCM simulation with lunar tide forcing. ional wind anomalies on days 24 (black),

29 (red), and 32 (blue) are shown in
Figures 9e and 9f, and these can be used to provide a clear understanding of the wind changes that gener-
ate the changes in the trans_wind term in Figures 5-7. In the Northern Hemisphere an increase (i.e., larger
northward winds) in the meridional winds will decrease the electron density in the topside ionosphere and
increase the electron density in the bottomside ionosphere. The opposite occurs in the Southern Hemi-
sphere. First, considering the results at 10 LT, it can be seen in Figure 9e that the meridional wind becomes
more southward in the Southern Hemisphere and more northward in the Northern Hemisphere on day 24.
The opposite response occurs on days 29 and 32. This leads to the decrease (increase) in the trans_wind
term in the topside (bottomside) ionosphere on day 24, and the increase (decrease) in the topside (bottom-
side) ionosphere on days 29 and 32. At 18 LT, the direction of the meridional wind anomalies is reversed, and
this suggests that the meridional wind anomalies are driven by a change in the semidiurnal tides at F region
altitudes. Results (not shown) reveal that the semidiurnal tide amplitude increases around day 30, and this
increase is largest in the Southern Hemisphere and equatorial region where the meridional wind anoma-
lies are largest. The reversal of the meridional wind anomalies at 18 LT means that the winds act to increase
the topside ionosphere electron density on day 24 and decrease the topside ionosphere electron density
on days 29 and 32. The wind anomalies are generally consistent with the changes in the trans_wind term,
and we therefore conclude that changes in meridional winds at F region altitudes contribute to the electron
density variability during SSWs.

We conclude our analysis of the ionosphere term analysis with a discussion of the changes in the
production-loss term. To explain these changes, the relative change in production, loss coefficient (8), and
O/N, at 18 LT on days 24 and 32 are shown in Figure 10. Note that we show changes in g rather than changes
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Figure 9. TIME-GCM simulated zonal mean meridional neutral wind at pressure level 4.0 (~325 km) at (a) 10 LT and (b)
18 LT. The meridional wind difference relative to the TIME-GCM control simulation at (c) 10 LT and (d)18 LT. Latitudinal
profile on day 24 (black), 29 (red), and 32 (blue) at (e) 10 LT and (f) 18 LT. Results are for the TIME-GCM simulation with
lunar tide forcing.
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on day 24. (c—f) Same as Figures 10a—10c except for on day 32. Results are for the TIME-GCM simulation with lunar
tide forcing.

in loss since g is directly influenced by the thermosphere composition, while changes in the loss (= fNg+)
term incorporate changes in the ion composition. Days 24 and 32 are chosen to represent different fea-
tures of the role of composition changes on the electron density variability during the SSW. On day 24, the
production term increases at low to middle latitudes, while it decreases at high latitudes in the Northern
Hemisphere. A slight decrease also occurs at low to middle latitudes slightly below the F region peak (lev-
els 0-1). The changes in § are generally similar to those of the production term, indicating that as the rate
of production is increased, the loss rate is also enhanced. Similar to the changes in production and g, O/N,
increases at low to middle latitudes and decreases at high latitudes in the Northern Hemisphere. The con-
nection between the O/N, changes and those in production and g will be discussed below. At low to middle
latitudes, the opposite response occurs on day 32 compared to day 24. However, a decrease in production,
B, and O/N, still occurs at high latitudes in the Northern Hemisphere. The influence of the O/N, changes
on production and g can be explained as follows. An increase in O will increase the rate of O* production,
and an increase in N, will increase the loss of O*. Increases in O are thus related to an increase in the pro-
duction term, and increases in N, will increase f. If the increase in O/N, on day 24 is related to an increase
in O and decrease in N,, then both the rate of production and loss will be increased, and this is what occurs
as seen in Figures 10a and 10b. Likewise, on day 32, if the low-middle latitude O/N, decrease is driven by a
decrease in O and increase in N,, then both the rate of production and loss will decrease. Analysis of the sim-
ulation results reveals that O increases on day 24, and decreases on day 32, and that the opposite changes
occur in N,. We therefore consider the simultaneous increase and decrease of O and N, to be responsible
for generating the changes in production, g, and O/N,. This mechanism is supported by the simulated tidal
variability and prior studies. Forbes et al. [1993] and Yamazaki and Richmond [2013] found that the dissipa-
tion of upward propagating tides leads to a decrease in O and increase in N,, resulting in a decrease in O/N,.
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This decrease is due to the dissipation of tides which modify the global circulation and induce a downward
transport of O [Yamazaki and Richmond, 2013]. Considering these prior studies, we consider the large O/N,
decrease on day 32 to be driven by the enhanced tidal amplitudes that occur on this day (Figure 2). The
large tidal amplitudes lead to enhanced tidal mixing, resulting in the O/N, decrease. The decrease in O/N,
causes the decrease in production and . The slight increase in O/N, at midlatitudes that occurs on day 24
may be related to slightly weaker tidal mixing. We again note that the O/N, increase leads to the increase
in production and g. Last, we note that on both days the O/N, is significantly reduced at high latitudes in
the Northern Hemisphere. These changes may not be related to the same tidal dissipation mechanism that
drives the O/N, changes at middle-low latitudes. They may be more directly related to the SSW in terms of
temperature changes, planetary wave, and/or gravity wave effects, and additional research is required to
further understand the high-latitude O/N, changes during SSWs.

5. Summary and Conclusions

Simulations and observations of the ionosphere response to the 2009 SSW are presented in the current
study. The simulations combine WACCM-X, which is constrained by NOGAPS-ALPHA/MERRA reanalysis, with
the TIME-GCM. The simulations are compared with Jicamarca ISR vertical plasma drift velocities and global
NmF2 observations from the COSMIC satellites. The simulation results generally reproduce the observed
ionosphere variability, and the agreement between the observations and simulations is considerably
improved when the M, lunar tide is included in the simulations. The M, reaches amplitudes of ~40 m s’

in zonal wind at E region altitudes, and it is thus not surprising that the M, significantly influences the iono-
sphere variability during the 2009 SSW. Although ionosphere variability occurs in the absence of the M,
inclusion of the M, changes the nature of the ionosphere response to the SSW. This leads us to the con-
clusion that, at least for the 2009 SSW, the M, was an important contributor to the ionosphere variability.
However, it should be noted that the 2009 SSW was a rather extreme event, and for more moderate SSWs
we would not anticipate such a large M, enhancement. A smaller M, enhancement will likely reduce its
importance for producing ionosphere variability during more moderate SSWs. During moderate SSWs, the
ionosphere variability is due to the combined effects of the SW2 and M, [e.qg., Pedatella and Liu, 2013].

Factors driving the changes in F region electron density during the 2009 SSW are also investigated in the
present study. Based on a term analysis of the ion continuity equation, we examined the impact of changes
in ambipolar diffusion, electric fields, neutral winds, production, and loss on F region electron density vari-
ability during the SSW. Consistent with the current prevailing theory, the electron density changes at low
latitudes were found to be primarily driven by electric field changes. The electric field changes are related to
variability in the SW2 and M, tides which influence the dynamo generation of electric fields in the E region.
Though electric field changes are the dominant source of the electron density variability, the simulations
reveal that changes in F region meridional winds and thermosphere composition (O/N,) also contribute

to changes in electron density during the SSW. Our results therefore indicate additional mechanisms for
generating F region electron density variability during SSWs that have not previously been considered.
Additional observation and modeling research on F region meridional wind and O/N, changes during SSWs
is therefore necessary in order to further understanding of these changes and their influence on the electron
density variability.
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