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[1] Numerical simulations are performed for a sudden stratosphere warming (SSW)
under different atmospheric tide and planetary wave forcing conditions to investigate the
tidal variability in the mesosphere and lower thermosphere (MLT). The influence of
variability of different tides in the MLT on generating perturbations to the low latitude
ionosphere is also investigated. Significant changes are found to occur in the migrating
semidiurnal solar (SW2) and lunar (M2) tides as well as in the westward propagating
nonmigrating semidiurnal tide with zonal wave number 1 (SW1). The changes in the
zonal mean atmosphere that occur during SSWs lead to an enhancement in the SW2 and
M2 tides. The vertical wavelength of the SW2 is also changed, resulting in phase
variability in the SW2 at a constant altitude. Significant enhancements in the SW1 are
found to occur only in the presence of additional planetary wave forcing, and this
demonstrates that nonlinear planetary wave-tide interactions lead to the enhanced SW1
during SSWs. The amplitude and phase variability of the SW2 is found to be capable of
producing temporal variability in the vertical plasma drift velocity that is similar to the
observed variability. Changes in the M2 during SSWs can contribute up to an additional
�30% of the total ionosphere variability; however, the overall influence of the lunar tide
is found to be dependent upon the phase of the moon relative to the timing of the SSW.
Although the influence is relatively minor, the SW1 also contributes to the low latitude
ionosphere variability during SSWs. The simulation results for the vertical plasma drift
velocity and total electron content (TEC) further illustrate that significant longitude
variability occurs in the ionosphere response to SSWs.
Citation: Pedatella, N. M., and H.-L. Liu (2013), The influence of atmospheric tide and planetary wave variability during sudden
stratosphere warmings on the low latitude ionosphere, J. Geophys. Res. Space Physics, 118, 5333–5347, doi:10.1002/jgra.50492.

1. Introduction
[2] Numerical models and observations have provided

substantial evidence linking short-term variability in the
ionosphere to sudden stratosphere warmings (SSWs) [Chau
et al., 2012, and references therein]. The effects of SSWs
on the ionosphere have been observed in equatorial ver-
tical plasma drifts [Chau et al., 2009, 2010; Fejer et al.,
2010, 2011, Rodrigues et al., 2011], geomagnetic field obser-
vations [Yamazaki et al., 2012a, 2012b], ionospheric elec-
tron densities [Goncharenko et al., 2010; Lin et al., 2012;
Pancheva and Mukhtarov, 2011], and ion temperatures
[Goncharenko and Zhang, 2008]. The general features of the
ionosphere response to SSWs have also been replicated by
numerical simulations [Fuller-Rowell et al., 2011; Jin et al.,
2012; Pedatella et al., 2012]. Ionosphere variability during
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SSWs has been found to occur across numerous events and
is not restricted to any particular time period or solar activity
level [e.g., Yamazaki et al., 2012b]. Furthermore, character-
istic features, such as an enhancement of morning vertical
plasma drift velocities along with decreased afternoon ver-
tical plasma drift velocities, are present in the ionosphere
response to different SSWs. The regularity of occurrence
along with the common features of the response demon-
strates the robust nature of the coupling between SSWs and
ionosphere variability, and indicates that a consistent set of
processes generate the ionosphere response to SSWs.

[3] Although substantial numerical modeling and obser-
vational evidence demonstrate the connection between
SSWs and ionospheric disturbances, the actual mechanisms
responsible for generating the ionospheric perturbations are
not fully understood. Explaining how SSWs drive iono-
spheric variability is therefore an important outstanding
question, and previous studies have proposed several differ-
ent mechanisms to connect ionosphere variability to SSWs.
The proposed mechanisms generally invoke a modulation
of atmospheric tides by the SSW. Tidal winds influence
the dynamo generation of electric fields and currents [e.g.,
Richmond et al., 1976], and any change in either the
tidal amplitude or phase, therefore, has the potential to
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significantly influence the ionospheric electric fields and
currents [Fesen et al., 2000].

[4] Changes to several different atmospheric tides have
been suggested in the literature as responsible for cou-
pling SSWs to ionosphere variability. Liu et al. [2010]
and Pedatella and Forbes [2010] have provided model-
ing and observational evidence that enhanced nonmigrat-
ing tides, which may be important for coupling SSWs to
ionosphere variability. Nonmigrating tides can be gener-
ated by the nonlinear interaction between migrating tides
and stationary planetary waves [Teitelbaum and Vial, 1991].
The interaction of quasi stationary planetary waves with
the zonal mean flow generates the SSW [Matsuno, 1971],
and planetary wave activity is thus large around the
time of SSWs. The presence of large stationary plane-
tary waves prior to and during SSWs is therefore thought
to enhance the generation of nonmigrating tides during
SSW events. An enhancement in the semidiurnal west-
ward propagating nonmigrating tide with zonal wave num-
ber 1 (SW1) has been shown to occur during SSWs
[Pedatella et al., 2012]. The SW1 can be generated by
the nonlinear interaction of the migrating semidiurnal tide
(SW2) and the quasi stationary planetary wave with zonal
wave number 1 (PW1) [e.g., Liu et al., 2010], and the SW1
enhancement is attributed to the large amplitude PW1 that
occurs around SSW time periods. Modeling studies have fur-
ther illustrated that the SW1 can influence the ionosphere
electrodynamics [Liu and Richmond, 2013], demonstrat-
ing that the SW1 may be important for coupling SSWs to
ionosphere variability.

[5] Amplitude and phase changes of the migrating semid-
iurnal tide (SW2) are known to significantly alter the local
time variation of the low latitude vertical plasma drift veloc-
ity [Fesen et al., 2000]. The ionosphere perturbations during
SSWs generally exhibit semidiurnal behavior, and variabil-
ity in the SW2 has therefore been considered as a potentially
important contributor to generating ionospheric variability
during SSWs. Observations and model results illustrate that
large changes in the SW2 occur during SSWs [Fuller-Rowell
et al., 2011; Jin et al., 2012; Lin et al., 2012; Pancheva and
Mukhtarov, 2011; Pedatella et al., 2012]. These studies have
provided substantial evidence that SW2 perturbations are
likely to play a critical role in driving ionosphere variabil-
ity during SSWs. SW2 variability during SSWs is attributed
to changes in forcing due to stratospheric ozone variability
[Goncharenko et al., 2012; Sridharan et al., 2012], nonlin-
ear planetary wave-tide interactions [Liu et al., 2010], and/or
changes in propagation related to changes in the zonal mean
zonal winds. SW2 changes may be related to a combina-
tion of the aforementioned mechanisms, and more research
is required to identify the key mechanism responsible for
producing SW2 variability during SSWs.

[6] Enhancements in the atmospheric lunar tide are also
thought to be potentially important for generating iono-
sphere variability during SSWs. The changes in the back-
ground zonal mean atmosphere that occur during SSWs can
lead to a significant amplification of the migrating semid-
iurnal lunar tide (M2) in the mesosphere and lower ther-
mosphere (MLT) [Stening et al., 1997; Forbes and Zhang,
2012]. Observations and model simulations both demon-
strate that large enhancements occur in the M2 during SSWs
at MLT altitudes [Forbes and Zhang, 2012; Pedatella et

al., 2012; Sathishkumar and Sridharan, 2013]. Observa-
tions have further revealed large changes in the ionospheric
lunar tide during SSWs [Fejer et al., 2011; Park et al.,
2012; Yamazaki et al., 2012b], indicating that the enhance-
ments in the M2 tide that occur in the MLT during SSWs
directly modulate the dynamo generation of electric fields
and currents.

[7] Changes in the migrating diurnal (DW1) and ter-
diurnal (TW3) occur during SSWs [Fuller-Rowell et al.,
2011; Jin et al., 2012], and variability in these tides may
also influence the low latitude ionosphere. The DW1 con-
tributes significantly to the ionosphere electrodynamics
[e.g., Liu and Richmond, 2013]; however, the DW1 con-
tribution to the electrodynamics is primarily due to the
in situ component generated by solar forcing and not the
upward propagating tide generated in the lower atmosphere
[Millward et al., 2001]. Any variability in the upward
propagating DW1 during SSWs is therefore unlikely to sig-
nificantly impact the low latitude ionosphere. Fuller-Rowell
et al. [2011] attributed the ionosphere perturbations during
the 2009 SSW to enhancements in the TW3. Although the
TW3 was enhanced during the 2009 SSW, the TW3 is not
thought to contribute significantly to the ionosphere per-
turbations during SSWs. Despite the changes in the DW1
and TW3, variability in lunar and solar semidiurnal tides
are considered the leading candidates for driving iono-
sphere variability during SSWs due to the fact that the
ionospheric perturbations exhibit a primarily semidiurnal
behavior. Throughout the following, we thus focus our atten-
tion on variability in semidiurnal tides and their impact on
the low latitude ionosphere.

[8] In addition to being supported by observational and/or
modeling evidence, all of the aforementioned mechanisms
for coupling SSWs to ionosphere variability are also justified
based on theoretical considerations. It is, therefore, consid-
ered likely that the ionosphere response is driven by the com-
bined effects of several different tidal changes. The objective
of the present study is to elucidate the average features of
tidal variability during SSWs, and how variability in differ-
ent tides generates ionosphere variability during SSWs. This
is accomplished through simulations of an average major
SSW, that is determined by a superposed epoch analysis
of multiple SSWs in the National Center for Atmospheric
Research (NCAR) Thermosphere-Ionosphere-Mesosphere-
Electrodynamics General Circulation Model (TIME-GCM).
By performing numerous experiments under different tidal
forcing, we elucidate the influence of nonlinear planetary
wave-tide interactions and changes in the SW2 and M2 tides
on generating the ionosphere response to SSWs. We further
investigate how the phase of the moon and solar activity
level influence the ionosphere perturbations during SSWs.
Our results provide insight into the global response of the
ionosphere to an average SSW, and thus provide a baseline
for comparison with observational and model results of other
SSWs.

2. Thermosphere-Ionosphere-Mesosphere-
Electrodynamics General Circulation Model
Simulations

[9] The NCAR TIME-GCM is a global model of the
mesosphere, thermosphere, and ionosphere including self-
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Table 1. The Simulated Cases Along With Information Regarding the Lower
Boundary Forcing That Is Applied to the TIME-GCM for Each Case

Case Tides Planetary Waves Day of New Moon (� = 0)

real_nolunar temporally varying temporally varying N/A
real_lunar temporally varying temporally varying 0
const_nolunar constant temporally varying N/A
const_smax constant temporally varying N/A
nopw_nolunar constant none N/A
const_lunar1 constant temporally varying 0
const_lunar2 constant temporally varying –7
const_lunar3 constant temporally varying –3.5
const_lunar4 constant temporally varying +3.5

consistent electrodynamics. The model domain extends from
10 hPa (�30 km) to 400–700 km, with the model upper
boundary height dependent upon solar activity level due to
the use of a pressure-based coordinate system in the ver-
tical direction. The simulations for the present study are
performed using a spatial resolution of 2.5ı in latitude and
longitude and 0.25 scale height in the vertical direction. For
a thorough discussion of the numerics of the TIME-GCM,
the interested reader is referred to Roble [1995] and Roble
and Ridley [1994].

[10] Due to the absence of dynamical forcing from the
lower atmosphere, the TIME-GCM can not self-consistently
generate SSWs. However, with appropriate lower bound-
ary forcing, the TIME-GCM can simulate the SSW induced
changes in the upper stratosphere, mesosphere, and thermo-
sphere [e.g., Liu and Roble, 2002]. For the present study,
the forcing of the TIME-GCM is based on a superposed
epoch analysis of SSWs in the Whole Atmosphere Commu-
nity Climate Model (WACCM). The WACCM simulations
are those presented in Pedatella et al. [2012], and thus
include variability in the atmospheric semidiurnal lunar tide.
The superposed epoch analysis includes 13 major SSWs
that occurred during January or February. The zero epoch
is defined as when the zonal mean zonal wind at 60ıN and
10 hPa reverses from eastward to westward, and the zonal
mean temperature at 90ıN is greater than the zonal mean
temperature at 60ıN. By definition, this limits the present
analysis to only major SSWs. When multiple SSWs (major
or minor) occur within 30 days, they are removed from the
analysis to prevent multiple SSWs in close proximity from
contaminating the results. The zonal mean, planetary waves,
solar and lunar tides are all included in the superposed epoch
analysis. Prior to performing the superposed epoch analysis,
the background climatological variation is first removed to
prevent any seasonal variability from influencing the results.
The background climatology for each day is determined by
vector averaging the tides from the 40 member ensemble
of Northern Hemisphere winter simulations, excluding the
SSW time periods. The residuals (i.e., the deviations from
climatology) are used in the superposed epoch analysis, and
the climatological values for 15 January are subsequently
added to each day of the superposed epoch analysis results.
The results presented herein should therefore be considered
as representative of the changes that would occur for an
average major SSW in mid-January.

[11] The superposed epoch analysis results are used to
force the TIME-GCM using a modified version of the

methodology presented in Liu et al. [2013]. Similar to Liu
et al. [2013], the neutral temperature and winds in the
TIME-GCM are relaxed toward the values obtained from
the WACCM superposed epoch analysis over the altitude
range of �30 to 95 km. However, our approach differs in
that we only relax the TIME-GCM zonal mean tempera-
ture and winds toward the WACCM zonal mean temperature
and winds. We only specify the planetary waves and tides
at the TIME-GCM lower boundary, and this is thus different
than the Liu et al. [2013] approach of applying the plan-
etary waves and tides from the model lower boundary up
to 95 km. We have adopted the present approach to per-
mit flexibility for experiments involving different planetary
wave or tidal forcing while maintaining the same SSW in
terms of the zonal mean temperature and wind changes. We
note that, due to the effects of wave dissipation, imposing
different planetary wave and tidal forcing conditions could
lead to different zonal mean flows. However, the zonal mean
fields in the different TIME-GCM simulations (not shown)
are nearly identical, and all of the simulations can therefore
be considered to occur under the same zonal mean SSW
conditions.

[12] To investigate the role of nonlinear planetary wave-
tide interactions, solar and lunar tide variability on the iono-
sphere response to SSWs, several experiments have been
performed with different planetary wave and tidal forcing
imposed at the TIME-GCM lower boundary. The differ-
ent simulations are summarized in Table 1. Throughout the
following, we will refer to the different simulations based
on the case name provided in Table 1. Note that, with the
exception of the nopw_nolunar case, the simulations either
include temporally varying or constant planetary wave, solar
and lunar tide forcing at the TIME-GCM lower boundary.
The nopw_nolunar case does not include any forcing due
to planetary waves. The results from the superposed epoch
analysis of the SSWs in the WACCM are used to provide the
temporally varying forcing. For the constant forcing cases,
climatological values for the planetary waves, solar, and
lunar tides on 15 January are used throughout the simula-
tion. The lunar age given in Table 1 reflects the day of the
new moon with respect to the zero epoch of the simulations,
and a fixed lunar period of 29.53 days is assumed. With the
exception of the solar maximum simulation (const_smax),
all simulations were performed under fixed solar minimum
(F10.7 = 70� 10–22 W m–2 Hz–1) and quiet geomagnetic con-
ditions. The const_smax simulation used a F10.7 solar flux
value of 200 � 10–22 W m–2 Hz–1. Perpetual 15 January con-
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Figure 1. Superposed epoch analysis at 10 hPa of (a) zonal
mean temperature difference between 90ıN and 60ıN, (b)
zonal mean zonal wind at 60ıN, and (c) planetary wave with
zonal wave number 1 (black) and 2 (gray) in geopotential
height at 60ıN.

ditions were used for all simulations to prevent any seasonal
effects from influencing the results. All of the TIME-GCM
simulations started 40 days prior to the zero epoch to allow
sufficient time for the model to adjust to the forcing prior to
the SSW.

3. Zonal Mean and Tidal Variability
[13] Results of the superposed epoch analysis for the

zonal mean atmosphere are presented in Figures 1 and 2, and
illustrate the magnitude and behavior of the SSW that we use
as forcing for the TIME-GCM simulations. The temperature
difference between 90ıN and 60ıN at 10 hPa (Figure 1a)
is initially negative, becomes positive around day –7, and
becomes negative again around day 15. The maximum tem-
perature difference is �10 K, indicating a total change of
�18 K from before the SSW to the peak of the SSW.
The normally eastward zonal mean zonal winds at 60ıN
and 10 hPa begin to decelerate around day –10, reverse to
westward on day 0, reach a maximum westward speed of
�6–8 m s–1 on day 3, and become eastward again on day 8.
The vertical structure of the zonal mean zonal wind at 60ıN
is shown in Figure 2. As expected from prior studies [e.g.,
Liu and Roble, 2002], the impact of the SSW can be seen
throughout the stratosphere, mesosphere, and lower thermo-
sphere. From Figure 2, it is apparent that the stratospheric
zonal wind reversal from eastward to westward is accompa-
nied by a reversal of the mesospheric winds from westward
to eastward. The wind reversal in the mesosphere occurs sev-
eral days prior to the reversal in the stratosphere; however,
the largest eastward (westward) winds in the mesosphere

(stratosphere) occur simultaneously. The results of the super-
posed epoch analysis of the zonal mean atmosphere from the
WACCM simulations are generally consistent with a simi-
lar analysis based on simulations of the Hamburg Model of
the Neutral and Ionized Atmosphere (HAMMONIA) GCM
[Miller et al., 2013]. This demonstrates that, at least in the
stratosphere and mesosphere, the average behavior of SSWs
is consistent for different models.

[14] The amplitude of the stationary planetary wave with
zonal wave numbers 1 (PW1) and 2 (PW2) in geopotential
height at 60ıN and 10 hPa are shown in Figure 1c. The
results in Figure 1c are from the superposed epoch analysis
of the SSWs in the WACCM simulations, and these results
illustrate the planetary wave variability that is used as forc-
ing in the TIME-GCM simulations. Throughout the time
interval shown, the PW1 is significantly larger than the PW2,
indicating the dominance of the PW1. Both the PW1 and
PW2 exhibit similar temporal behavior, with a peak around
day –5, followed by a gradual decay in the days follow-
ing the peak of the SSW. Note that the overall variability
in the planetary waves is small, and they do not exhibit the
impulsive behavior that is typical for an individual SSW. We
attribute this to be due to averaging over multiple events and
variability in the timing of the planetary wave enhancements
relative to the zonal mean zonal wind reversal at 60ıN and
10 hPa. We do, however, believe that the planetary wave
amplitude and variability shown in Figure 1c is sufficient
to adequately demonstrate the role of the planetary waves
on both tidal variability in the MLT and on the ionosphere
response to SSWs.

[15] We now turn our attention to the tidal changes that
occur at MLT altitudes under different forcing conditions.
The SW2 amplitudes and phases in neutral temperature at
130 km (near the SW2 peak amplitude) for the real_nolunar,
const_nolunar, and nopw_nolunar cases are presented in
Figure 3. Note that although the results in Figure 3 are
for simulations without lunar tide forcing, the changes in
the SW2 are similar for the simulations that include lunar
tide forcing. In all three cases, large changes are appar-
ent in both the amplitude and phase of the SW2 during
the SSW. The SW2 amplitude increases in all three cases;
however, the timing of the SW2 enhancements is slightly dif-
ferent for each case. In the Northern Hemisphere, the SW2
enhancement peaks near day 0 in the const_nolunar and

Figure 2. Superposed epoch analysis of the zonal mean
zonal wind at 60ıN.
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Figure 3. The simulated SW2 amplitudes and phases in neutral temperature at 130 km for (a, b) simula-
tion case real_nolunar, (c, d) simulation case const_nolunar, and (e, f) simulation case nopw_nolunar.

nopw_nolunar cases, but the greatest enhancement occurs
�8–10 days earlier in the real_nolunar case. This indicates
that the dynamical processes in the troposphere and lower
stratosphere, which influence the SW2 at 30 km, are impor-
tant for determining the overall SW2 response to SSWs in
the MLT. Nonetheless, as seen in Figures 3c and 3e, large
SW2 variability can still occur at MLT altitudes even when
the SW2 forcing is constant at 30 km. This demonstrates that
the changes in the zonal mean zonal winds during SSWs
influence the vertical propagation of the SW2, resulting in
the SW2 amplitude variability during SSWs. Changes in the
SW2 are also apparent in the Southern Hemisphere, and there
are again differences between the different cases presented
in Figure 3. These differences again illustrate that the SW2
variability in the MLT during SSWs is partially driven by
the variability at 30 km. Though they exhibit similar vari-
ability in the Northern Hemisphere, the const_nolunar and
nopw_nolunar cases are different in the Southern Hemi-
sphere. This is particularly evident in the SW2 enhancement
that occurs in the nopw_nolunar case between days –10 and
0. This enhancement is absent from the other simulation
cases, and it suggests that the planetary waves tend to damp
the response of the SW2 in the Southern Hemisphere.

[16] The temporal behavior of the SW2 amplitude vari-
ability in the present simulations differs from model results

for the 2009 SSW. Model simulations from the 2009 SSW by
Jin et al. [2012] and Fang et al. [2012] indicate a decrease
of the SW2 prior to the zonal mean zonal wind reversal at
60ıN and 10 hPa and an increase following the zonal mean
zonal wind reversal. This difference likely stems from the
fact that the simulations in the present study are considered
to be representative of an average SSW, while the 2009 SSW
was an extreme event both in its magnitude and duration.
Therefore, the changes in the SW2 during the 2009 SSW may
not be typical, and additional modeling efforts focused on
the tidal variability during real SSWs are necessary to more
fully understand the SW2 changes that occur during individ-
ual real events. An additional source of the SW2 discrepancy
may be related to inadequate representation of the ozone
variability in the TIME-GCM due to the fact that the model
lower boundary is near the peak of the ozone forcing of the
SW2. The ozone variability may be important for generating
the SW2 variability [e.g., Goncharenko et al., 2012], and it
is therefore possible that the present simulations do not fully
capture all of the SW2 variability due to poor representation
of the ozone variability.

[17] Significant phase variability also occurs in the SW2
at 130 km (Figures 3b, 3d, and 3f). The phase variability is
similar for the three cases shown. The most notable phase
changes occur in the Southern Hemisphere, where the SW2
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Figure 4. The simulated SW1 amplitudes and phases in neutral temperature at 120 km for (a, b)
simulation case const_nolunar, and (c, d) simulation case nopw_nolunar.

phase decreases by 1–2 h between roughly days –20 to –10.
The SW2 phase then progressively increases 1–2 h over the
next 10–15 days. Analysis (not shown) reveals that the phase
variability is related to changes in the vertical wavelength.
The initial phase reduction is related to a decrease in the ver-
tical wavelength, and the subsequent phase increase is due to
an increase in the vertical wavelength. The occurrence of the
phase shift and vertical wavelength change, in all three cases

illustrates that these changes are driven by the influence of
the background atmosphere on the vertical wave propaga-
tion. This again demonstrates that the changes in the zonal
mean atmosphere significantly influence the SW2 variability
in the MLT during SSWs.

[18] Previous studies have suggested that the ionosphere
variability during SSWs is connected to an enhancement in
the SW1 nonmigrating tide [Liu et al., 2010; Pedatella and

Figure 5. The simulated M2 amplitudes and phases in neutral temperature at 130 km for (a, b) simulation
case real_lunar, and (c, d) simulation case const_lunar1.
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Figure 6. The change in the vertical plasma drift velocity
at the geomagnetic equator and 285ıE geographic longi-
tude. The results are for simulation cases (a) real_nolunar,
(b) const_nolunar, and (c) nopw_nolunar.

Forbes, 2010]. Since the SW1 is generated by the nonlinear
interaction between the SW2 and the PW1, it is anticipated
that the SW1 will be enhanced during SSWs due to the
PW1 and SW2 enhancements that occur prior to and during
SSWs. To illustrate the role of the planetary wave forc-
ing on the SW1 variability during SSWs, Figure 4 shows
the amplitude and phase of the SW1 in neutral temperature
for the const_nolunar and nopw_nolunar simulations. The
results in Figure 4 are shown at 120 km, which is near the
maximum amplitude of the SW1. Comparison of the results
in Figures 4a and 4c clearly demonstrates that the SW1 at
120 km is significantly influenced by the planetary wave
forcing at the model lower boundary. In particular, there is a
large enhancement in the SW1 at low midlatitudes between
days –10 and 0 when planetary wave forcing is included
in the simulation, and this can be attributed to enhanced
generation of the SW1 by nonlinear planetary wave-tide
interactions. It should also be noted that following the peak
of the SSW, a slight enhancement in the SW1 occurs in the
simulation without planetary wave forcing. Taken together,
these results suggest that the SW1 is enhanced during SSW
time periods due primarily to nonlinear planetary wave-
tide interactions, with the effect of zonal mean atmosphere
on vertical tidal propagation having a secondary influence.
Figures 4b and 4d reveal that the SW1 phase is nearly con-
stant throughout the SSW, and any changes in the SW1 phase
during the SSW are therefore considered to be insignificant.

[19] The amplitude and phase of the M2 in neutral tem-
perature at 130 km is shown in Figure 5 for the real_lunar
and const_lunar1 simulations. Consistent with prior obser-
vational and modeling studies [Forbes and Zhang, 2012;
Pedatella et al., 2012; Sathishkumar and Sridharan, 2013;
Stening et al., 1997], enhancements in the M2 occur during
the SSW. Peak amplitudes of 14–16 K occur at equato-

rial and low latitudes in the Southern Hemisphere between
days 0 and 5. Given that the SSW occurs at high latitudes in
the Northern Hemisphere, it may at first be surprising that
the largest M2 enhancements appear in the equatorial region.
This is, however, consistent with the global M2 enhance-
ments during SSWs simulated by Stening et al. [1997] and
Forbes and Zhang [2012]. We note that there is also a
decrease in the M2 amplitude centered around day –15.
This decrease is coincident with the eastward wind enhance-
ment near �50 km at 60ıN (Figure 2). We attribute the M2
decrease to changes in the global circulation at this time
which will impact the propagation of the lunar tide into the
MLT. Comparison of Figures 5a and 5c reveals that includ-
ing the variability of the lunar tide at the TIME-GCM lower
boundary (�30 km) does influence the results in the MLT.
Accounting for tidal variability at the model lower boundary
leads to a �2 K increase in the maximum M2 amplitude that
occurs near day 5. At equatorial and low latitudes, where
the M2 amplitude is large, there are only relatively small
changes in the M2 phase (Figures 5b and 5d). Any changes

Figure 7. The change in the vertical plasma drift velocity
at the geomagnetic equator and 285ıE geographic longi-
tude. The results are for simulation cases (a) real_lunar,
(b) const_lunar1, (c) const_lunar2, (d) const_lunar3, and (e)
const_lunar4. Note that the changes are with respect to the
simulation case real_nolunar for Figure 7a and with respect
to the simulation case const_nolunar for Figures 7b–7e.
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Figure 8. The longitude variation of the change in the vertical plasma drift velocity at the geomagnetic
equator at 9 LT for simulation cases (a) real_nolunar, (b) const_nolunar, and (c) nopw_nolunar. (d–f) are
the same as Figures 8a–8c except for 15 LT.

in the M2 phase during the SSW are thus thought to be
relatively insignificant. There are larger changes in the M2
phase at middle–high latitudes; however, the M2 amplitude
is extremely small at these latitudes, and the phase results
are therefore considered to be unreliable.

4. Ionosphere Variability
4.1. Vertical Plasma Drift Velocity at 12ıS, 285ıE

[20] Changes in the vertical plasma drift velocity at 300
km at the geomagnetic equator (�12ıS) and 285ıE geo-
graphic longitude are shown in Figure 6 for the real_nolunar,
const_nolunar, and nopw_nolunar. We have chosen to
present the results at this location for comparison with
observations from the Jicamarca Incoherent Scatter Radar.
Note that the background local time variation has been
removed in order to emphasize the changes that occur in
connection to the SSW. The background local time vari-
ation is determined from days 30 to 40, and is thus not
influenced by the SSW. Though the magnitudes differ, the
vertical plasma drift velocity changes are qualitatively sim-
ilar for the three simulations. Large changes in the vertical
plasma drift velocity begin around day –10, which coincides
with the onset of changes in the zonal mean atmosphere
(Figure 2), and tidal variability in the MLT (Figures 3–5).
The initial changes in the vertical plasma drift velocity are
dominated by an increase in the morning (6–9 LT) and a
decrease in the afternoon (12–14 LT). These features per-
sist for several days, until finally progressing toward later

local times from days 0 to 10. By day 10, the overall pattern
of the vertical plasma drift perturbations is reversed,
with decreased drifts in the morning and increased drifts
in the afternoon. The magnitude of the response is
�1–2 m s–1 greater for the real_nolunar case compared to the
const_nolunar and nopw_nolunar cases. This demonstrates
that in addition to the changes in the zonal mean atmo-
sphere during SSWs, the planetary wave and tide variability
at �30 km is important for determining the overall iono-
sphere response to SSWs. Though there are some similarities
in the response, the differences between the const_nolunar
and nopw_nolunar simulations illustrate the influence of the
planetary waves on the ionosphere variability. The inclusion
of the planetary waves increases the morning vertical plasma
drifts, and shifts the afternoon vertical drift decrease toward
later local times between days –10 and 0. This corresponds
to the time when the SW1 is large. Liu and Richmond [2013]
demonstrated that the SW1 can influence the vertical plasma
drift velocity at low latitudes, and we therefore attribute the
differences between the const_nolunar and nopw_nolunar
simulations to be driven by the increase in the SW1.

[21] The temporal behavior of the simulation results
shown in Figure 6 are generally consistent with observations
of the vertical plasma drift velocity changes during SSWs
at Jicamarca, Peru (11.95ıS, 283.2ıE geographic) [Chau et
al., 2010]. Given that changes in the SW2 amplitude and
phase can significantly impact the local time variability of
the vertical plasma drift velocity [e.g., Fesen et al., 2000],
we attribute the changes shown in Figure 6 to be primarily
driven by the SW2 variability. We conclude that the SW2 is
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Figure 9. The longitude variation of the change in the ver-
tical plasma drift velocity at the geomagnetic equator at
9 LT for simulation cases (a) real_lunar, (b) const_lunar1,
(c) const_lunar2, (d) const_lunar3, and (e) const_lunar4.
Note that the changes are with respect to the simulation case
real_nolunar for Figure 9a and with respect to the simulation
case const_nolunar for Figures 9b–9e.

the main source of the vertical plasma drift velocity pertur-
bations owing to the fact that there is significant SW2 and
vertical plasma drift velocity variability for all three cases
shown in Figures 3 and 6. This conclusion is additionally
supported by the vertical plasma drift perturbations in the
nopw_nolunar case and the lack of variability in tides other
than the SW2 in this simulation. We attribute the movement
of the vertical plasma drift velocity morning enhancement
and afternoon depletion toward later local times from days 0
to 10 to be driven by the phase changes that occur in the
SW2 during this time period (Figure 3). The correspondence
between the simulated vertical drift velocity variability in
Figure 6 and the observations leads us to conclude that
the amplitude and phase changes of the SW2 are a primary
driver of the ionosphere response to SSWs. We note that
this is in disagreement with our previous simulation results
which found that it was necessary to include the lunar tide in
order to reproduce the temporal behavior of vertical plasma
drift velocity changes during SSWs [Pedatella et al., 2012].
This discrepancy is thought to be related to the fact that the

SW2 amplitudes in the WACCM-X used for our previous
simulations were about half as large as those in the present
simulation. The significantly smaller SW2 amplitude in our
previous simulations is thought to have resulted in a negligi-
ble impact of the SW2 variability on the ionosphere, leading
to potentially overemphasizing the importance of the lunar
tide on driving ionosphere variability during SSWs.

[22] Though the results in Figure 6 illustrate that SW2
variability can generate vertical plasma drift velocity vari-
ability that is similar to the observations, there is significant
observational and modeling evidence that the M2 influences
the ionosphere response to SSWs [Fejer et al., 2010, 2011;
Park et al., 2012; Pedatella et al., 2012; Yamazaki et al.,
2012b]. Therefore, it is useful to investigate the role that the
lunar tide has on the ionosphere response to SSWs. Figure 7
shows the impact of the lunar tide on the vertical plasma drift
velocity response to SSWs at the geomagnetic equator and
75ıW geographic longitude. Note that the results shown in
Figure 7 are the perturbations relative to the analogous sim-
ulation without lunar tides, and the background local time
variation of the�14.75 day lunar semidiurnal tide signal has
also been removed. The results in Figure 7 clearly demon-
strate that the lunar tide does contribute to the overall vertical
plasma drift velocity variability during SSWs. For example,
the real_lunar case exhibits downward drift perturbations in
the afternoon between days 0 and 5 that reach �1.5 m s–1.

Figure 10. Same as Figure 9 except that the results are
shown at 15 LT.

5341



PEDATELLA AND LIU: SSW IONOSPHERE

Figure 11. Changes in the vertical plasma drift velocity for
the const_smax simulation. (a) The local time variation at
the geomagnetic equator and 75ıW geographic longitude.
(b) The longitude variability at the geomagnetic equator at 9
LT. (c) The longitude variability at the geomagnetic equator
at 15 LT.

Note that these perturbations are on top of the 2–3 m s–1

vertical plasma drift decrease that occurs in the afternoon
in the real_nolunar case (Figure 6a). In this case, the lunar
tide accounts for roughly one-third of the total ionosphere
response to the SSW. Comparing Figure 7a with Figures
7b–7e, it is apparent that the impact of the lunar tide on
the ionosphere variability during SSW is reduced when the
lunar tide forcing is held constant at the TIME-GCM lower
boundary. Nonetheless, under constant tidal forcing condi-
tions, the lunar tide represents up to �1 m s–1 perturbations
to the 3 m s–1 changes in the vertical plasma drift veloc-
ity that occur in the absence of the lunar tide (Figure 6b).
Though the overall magnitude of the perturbations is less
than in the simulations that include realistic tidal variability
at the TIME-GCM lower boundary, the lunar tide still con-
tributes to 25–30% of the total ionosphere response under
constant tidal forcing conditions.

[23] The influence of the phase of the moon on the ver-
tical plasma drift velocity perturbations is illustrated in
Figures 7b–7e. It is apparent in Figures 7b–7e that changes
in the phase of the moon can shift the perturbations by sev-
eral days and even reverse the direction of the perturbations.
Note that the influence of the phase of the moon is similar
when incorporating the tidal variability at the TIME-GCM
lower boundary (not shown). The overall magnitude of the
ionosphere response to SSWs is therefore sensitive to the
phase of the moon relative to the timing of the SSW. To
illustrate this point, consider the morning enhancement that
occurs around 9–10 LT on day 3 of the simulation without
lunar tide forcing (Figure 6b). If the lunar phase is similar to
that specified in the const_lunar4 simulation (Figure 7e), the
vertical plasma drift velocity perturbations will be enhanced

by �0.5 m s–1. However, the morning vertical plasma drift
velocity enhancement would be reduced by �1 m s–1 if
the phase of the moon is similar to the const_lunar3 sim-
ulation (Figure 7d). We additionally note that while the
const_nolunar4 case would result in an increase in the ver-
tical plasma drift velocity response in the morning, it would
actually serve to reduce the magnitude of the afternoon
decrease in the vertical plasma drift velocity that occurs
around day 0. Likewise, although the const_nolunar3 simu-
lation would reduce the impact of the SSW on the morning
vertical plasma drift velocity, it would enhance the influ-
ence of the SSW in the afternoon around day 0. From
these results, we conclude that the lunar tide contributes up
to �30% of the total ionosphere variability during SSWs.
However, it should be noted that the magnitude of the lunar
tide contribution differs for different days and local times,
and there are times when the lunar tide contribution to the
vertical plasma drift perturbations is nearly zero. The over-
all magnitude, and timing of the maximum influence of the
lunar tide on the ionosphere perturbations is influenced by
the phase of the moon relative to the SSW.

4.2. Vertical Plasma Drift Velocity
Longitude Variability

[24] The longitude dependence of the vertical plasma drift
velocity changes at the geomagnetic equator at 9 and 15 LT
for the real_nolunar, const_nolunar, and nopw_nolunar cases
are shown in Figure 8. As anticipated based on the results in
the previous section, the vertical plasma drift velocity at 9 LT
increases between days 0 to 5, and there is a corresponding
decrease at 15 LT. While this behavior is generally observed
at all longitudes, there is a notable longitude dependence
in the magnitude and timing of the vertical plasma drift
velocity perturbations. The simulation results reveal that
the strongest response in the morning occurs near �330ıE
geographic longitude. The response at this longitude also
occurs 1–2 days prior to the maximum perturbations at other
longitudes. The earlier onset time and larger perturbations
near 330ıE longitude is similar to the observational results
of Anderson and Araujo-Pradere [2010] and Fejer et al.
[2010]. The longitude dependence is different in the after-
noon, and the greatest vertical plasma drift velocity pertur-
bations occur between 0ı and 120ıE geographic longitude
at 15 LT. The largest decrease in the afternoon vertical
plasma drift velocity does, however, occur simultaneously
at all longitudes. Longitude dependent vertical plasma drift
velocities result from nonmigrating tides as well as the inter-
action between migrating tides and the geomagnetic main
field [England et al., 2006; Fang et al., 2012]. The longitude
dependent response to SSWs may therefore be attributed to
the combined effects of changes in the nonmigrating and
migrating tides.

[25] Figures 9 and 10 show the longitude dependence of
the perturbations to the vertical plasma drift velocity that
result from the lunar tide at 9 and 15 LT, respectively. The
results presented in Figures 9 and 10 are the perturbations
relative to the analogous simulation that does not include
the lunar tide forcing. Figures 9 and 10 again reveal that the
lunar tide can contribute significantly to the overall iono-
sphere response to SSWs, and that the influence of the
lunar tide is dependent upon the lunar phase relative to the
time of the SSW. The changes in the vertical plasma drift
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Figure 12. Changes in the total electron content at 10 LT for simulation case real_nolunar. The TEC
perturbations are expressed as a percentage of the background TEC.

perturbations that occur due to the lunar tide exhibit a signif-
icant longitude dependence. The overall importance of the
lunar tide on the vertical plasma drift perturbations during
SSWs is therefore complex and depends on the longitude,
local time, and phase of the moon. The longitude depen-
dence of the lunar tide on the vertical plasma drift velocity

perturbations is considered to be primarily due to the effect
of the offset between the geographic and geomagnetic equa-
tors on ion-neutral coupling processes. The M2 tide, which
is zonally symmetric in geographic coordinates, will appear
as a wave number 1 structure in longitude in the geomag-
netic reference frame, resulting in longitude variability in
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Figure 13. Changes in the total electron content at 16 LT for simulation case real_nolunar.

the ionosphere. The geomagnetic declination and main field
strength can also contribute to the longitude variability that
occurs in response to the M2. An additional small con-
tribution may be due to nonmigrating lunar tides that are
generated due to the nonlinear interaction between the M2
and stationary planetary waves.

4.3. Solar Activity Dependence
[26] Although previous studies have investigated the

solar activity dependence of the ionosphere response to
SSWs, a definitive conclusion has yet to be reached. Both
Fejer et al. [2011] and Pedatella et al. [2012] found that
the ionosphere response to SSWs was greater during solar
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minimum conditions. However, no significant solar activity
dependence was found by Yamazaki et al. [2012b]. Some of
this discrepancy may be related to limited data sets along
with the varying strengths of SSWs. In the present study,
we are able to impose the same SSW under different solar
activity levels and thus able to clearly illustrate any poten-
tial solar activity dependence. Figure 11 shows the changes
in the vertical plasma drift velocity for the const_smax sim-
ulation. Comparison of Figure 11 with Figures 6b, 8b, and
8e reveals the influence of enhanced solar activity on the
ionosphere response to SSWs. The overall local time, lon-
gitude, and temporal behavior of the ionosphere response to
the SSW is qualitatively similar between the solar maximum
and solar minimum simulations. However, the overall mag-
nitude of the perturbations is reduced in the solar maximum
simulations. The largest vertical plasma drift perturbations
are reduced by �30% as the solar activity level increases
from a F10.7 of 70 to 200 � 10–22 W m–2 Hz–1. Since the
simulations are for an identical SSW, this decrease must
be driven by the increase in solar activity, and we may
therefore conclude that the ionosphere response to SSWs is
reduced as solar activity level increases. Liu and Richmond
[2013] similarly found a reduced influence of tidal variabil-
ity on the ionosphere during solar maximum compared to
solar minimum. They attributed the solar activity depen-
dence to changes in the ionosphere conductivities, and the
same mechanism is thought to be responsible for the reduced
impact of SSWs on the ionosphere during solar maximum.

4.4. Total Electron Content
[27] In addition to generating changes in the vertical

plasma drift velocity, the SSWs generate significant vari-
ability in the ionosphere total electron content (TEC) [e.g.,
Goncharenko et al., 2010]. To illustrate the global changes in
the TEC that occur in response to SSWs, Figures 12 and 13
show the changes in the TEC (expressed as a percent of the
background TEC) for days surrounding the SSW at 10 and
16 LT, respectively. The background local time, latitude, and
longitude variability has again been removed using days 30
to 40 of the simulation to establish the background varia-
tion. The results presented in Figures 12 and 13 are for the
real_nolunar simulation. Note that although we will limit our
discussion of the TEC changes to this case, the influence of
the lunar tide, planetary waves, and temporal tide variability
at the TIME-GCM lower boundary influence the TEC in a
manner similar to their influence on the vertical plasma drift
velocity. It should also be noted that the TEC changes only
reflect changes in the TEC up to the model upper boundary
(�500 km), and thus may not be entirely representative of
the changes seen in ground-based Global Positioning Sys-
tem (GPS) TEC observations. Focusing first on the TEC
changes at 10 LT (Figure 12), up to day 4, the TEC enhance-
ments of 15–20% occur in the equatorial ionization anomaly
(EIA) crest regions. Slight TEC decreases (�5%) are also
found along the geomagnetic equator. The TEC enhance-
ment in the EIA crests, and depletion along the geomagnetic
equator, is consistent with what would be expected to occur
due to the enhanced morning vertical plasma drift veloci-
ties. The magnitude of the TEC perturbations peaks around
day 0, and the largest TEC enhancements tend to occur
in the Northern Hemisphere. The larger TEC enhancement
in the Northern Hemisphere may be related to the influ-

ence of the background summer to winter meridional winds
on the transport of plasma that is uplifted at the geomag-
netic equator. The hemispheric asymmetry in the TEC may
also be due to the larger [O]/[N2] ratio in the Northern
Hemisphere [e.g., Rishbeth et al., 2000]. Additional detailed
studies are necessary to determine the primary cause of the
asymmetric TEC response to SSWs. Similar to the changes
in the vertical plasma drift velocity, the TEC perturbations
also exhibit a significant longitude dependency. The lon-
gitude dependency is most apparent after day 4, when the
TEC decreases between 180ı and 300ıE geographic lon-
gitude, and slightly increases in the region around 340ı to
360ıE geographic longitude. We again attribute the longi-
tude dependent response of the TEC to be driven by the
combined influence of nonmigrating tides and interaction of
migrating tides with the geomagnetic main field.

[28] At 16 LT, prior to day 4, the TIME-GCM simula-
tion results indicate a general decrease in the TEC at low
and equatorial latitudes. The largest TEC reductions are 25–
30%, and the impact of the SSW on the TEC is therefore
greater at 16 LT than at 10 LT. However, the longitudinal
behavior is significantly more complex than at 10 LT, and
the TEC at 16 LT is slightly increased at certain longitudes.
Similar to the results at 10 LT, the maximum decrease in the
afternoon TEC occurs near day 0, and is greater in the North-
ern Hemisphere. In general, the longitudes where stronger
decreases in the afternoon TEC occur coincide with the lon-
gitudes where larger morning enhancements occur. After the
peak of the SSW, there is again a very significant longi-
tude dependence to the TEC perturbations that begins around
day 4. The longitude dependence is even more pronounced
in the afternoon, with low latitude increases of up to 25%
occurring between 240ı and 330ıE geographic longitude,
and�15% decreases occurring from 0ı to 120ıE geographic
longitude. Interestingly, on days 4, 6, and 8, between roughly
240ı and 330ıE geographic longitude, the TEC is increased
in the Northern Hemisphere and decreased in the Southern
Hemisphere. Enhanced meridional winds can increase the
height of the F-layer in one hemisphere while decreasing it
in the opposite hemisphere. This will generate a hemispheric
asymmetry in TEC, and may be the driver of the hemispheric
asymmetry of the TEC response in Figure 13. As previously
discussed, the hemispheric asymmetry in TEC may also be
partly related to the larger [O]/[N2] ratio in the Northern
Hemisphere.

[29] The TEC results in Figures 12 and 13 are similar
to what is seen in ground-based GPS TEC observations.
At 285ıE geographic longitude, Goncharenko et al. [2010]
observed an initial TEC enhancement in the EIA crests in the
morning followed by a decrease in the morning TEC sev-
eral days later. The results of Goncharenko et al. [2010] also
revealed an initial TEC decrease in the afternoon and a sub-
sequent increase in the afternoon TEC several days after the
peak of the SSW. The changes in the TEC in our simulations
are therefore generally consistent with the observed TEC
response to SSWs, at least in this longitude sector. There is,
however, a significant longitudinal dependency to the TEC
perturbations in our simulations. The significant longitudinal
dependency illustrates that the observed TEC perturbations
at a single longitude should not necessarily be expected to be
reflective of the global TEC response to SSWs. The results
of the present study can therefore provide an extremely
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useful context for observational results that are from differ-
ent longitude sectors.

5. Discussion and Conclusions
[30] Previous studies have hypothesized that the iono-

sphere variability during SSWs is generated by SSW-
induced changes in different solar and lunar atmospheric
tides. These past studies have discussed the potential impor-
tance of nonmigrating tides generated by nonlinear plan-
etary wave-tide interactions [Liu et al., 2010; Pedatella
and Forbes, 2010], variability in the semidiurnal migrating
solar tide [Jin et al., 2012; Lin et al., 2012; Pancheva and
Mukhtarov, 2011], and variability in the semidiurnal migrat-
ing lunar tide [Fejer et al., 2010, 2011, Pedatella et al.,
2012]. In the present study, we have investigated the role
that changes, in the aforementioned tides during SSWs, have
on generating low latitude ionosphere perturbations. The
results of our numerical simulations lead us to the following
conclusions:

[31] 1. The changes in the zonal mean atmosphere alter
the vertical propagation of the SW2 into the MLT. This
results in amplitude variability and also changes the vertical
wavelength, leading to phase variability of the SW2 at a fixed
height. The changes in the SW2 that occur during SSWs can,
in turn, generate variability in the vertical plasma drift veloc-
ity at the geomagnetic equator that is qualitatively similar
to the observed variability. The SW2 variability is therefore
considered to be responsible for driving a significant por-
tion of the ionosphere response to SSWs. We additionally
note that SW2 variability and subsequent ionosphere pertur-
bations still occur in the absence of temporal planetary wave
or tidal variability at 30 km. This indicates that the SW2
variability during SSWs results partially due to the changes
in the zonal mean atmosphere altering the vertical propa-
gation of the SW2. Inclusion of temporal planetary wave
and tidal variability at 30 km does, however, influence the
SW2 response to the SSW, demonstrating that these are also
important factors for generating the total SW2 variability
during SSWs.

[32] 2. Large amplitude planetary waves that occur prior
to and during the SSW result in an amplification of the SW1
nonmigrating tide. The SW1 amplitude in the presence of
planetary waves is approximately double the amplitude of
the SW1 in the absence of planetary waves. The ionosphere
response to the SSW changes when planetary waves are
included in the simulations, and this difference is attributed
to the impact of the enhanced SW1 on the ionosphere.

[33] 3. The amplitude of the M2 is enhanced during SSWs
due to the effect of changes in the zonal mean atmosphere
on the vertical propagation. The M2 enhancements can, in
turn, have a significant effect on the overall response of the
low latitude ionosphere to SSWs. Based on our simulations,
we estimate that the lunar tide can contribute to roughly 25–
30% of the total ionosphere response to SSWs. The influence
of the lunar tide is, however, dependent upon the phase of
the moon relative to the timing of the SSW. This timing will
determine whether the lunar tide serves to enhance or reduce
the ionosphere response at a given local time.

[34] 4. The SSW induced perturbations in vertical plasma
drift velocity and TEC exhibit a significant longitude depen-
dence. Observations of the ionosphere response to SSWs

at a single longitude are therefore unlikely to be entirely
representative of the global ionosphere response.

[35] 5. Increasing the solar flux from 70 to 200 �
10–22 W m–2 Hz–1 results in a �30% reduction in the
vertical plasma drift velocity response to SSWs. We may
therefore conclude that the ionosphere response to SSWs is
weaker during solar maximum compared to solar minimum.
Changes in solar activity did not influence the temporal or
longitude variability.

[36] In summary, our simulation results demonstrate that
the overall changes in the ionosphere that occur in response
to SSWs are driven by the combination of several differ-
ent mechanisms. In particular, the enhanced SW1 due to
nonlinear planetary wave-tide interactions, as well as ampli-
tude and phase changes in the SW2 and M2 are all found
to contribute to the low latitude ionosphere variability dur-
ing SSWs. Though the present results can be considered as
representative of a typical major SSW, individual SSWs will
vary in terms of the SSW length, magnitude of the SSW,
and strength of planetary wave driving. These differences
are likely to result in the ionosphere response to any individ-
ual SSW being slightly different than the simulation results
presented herein. Furthermore, the relative importance, and
contribution, of the different mechanisms driving the iono-
sphere response may also depend on the individual SSW.
Our simulation results do, however, provide a useful base-
line for observations of the ionosphere response to SSWs,
and also provide a global context in which observations can
be considered.
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