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Abstract This study describes the influence of the 11 year solar cycle on gravity waves and the wave-driven
circulation, using an ensemble of six simulations of the period from 1955 to 2005 along with fixed solar
maximum and minimum simulations of the Whole Atmospheric Community Climate Model (WACCM). Solar
cycle signals are estimated by calculating the difference between solar maximum and minimum conditions.
Simulations under both time-varying and fixed solar inputs show statistically significant responses in temperatures
and winds in the Southern Hemisphere (SH) during austral winter and spring. At solar maximum, the monthly
mean, zonal mean temperature in the SH from July to October is cooler (~1–3 K) in the stratosphere andwarmer
(~1–4 K) in the mesosphere and the lower thermosphere (MLT). In solar maximum years, the SH polar vortex
is more stable and its eastward speed is about 5–8ms�1 greater than during solar minimum. The increase in
the eastward wind propagates downward and poleward from July to October in the SH. Because of increase
in the eastward wind, the propagation of eastward gravity waves to the MLT is reduced. This results in a net
westward response in gravity wave drag, peaking at ~10ms�1 d�1 in the SH high-latitude MLT. These changes
in gravity wave drag modify the wave-induced residual circulation, and this contributes to the warming of
~1–4 K in the MLT.

1. Introduction

The 11 year solar cycle has impacts on the Earth’s atmosphere, and it is important to understand both the
mechanisms through which this occurs and what impacts it creates, because the solar cycle signal can
confound estimates of long-term trends [Gray et al., 2010, and references therein]. Temperature changes of a
few Kelvins due to the 11 year solar cycle have been reported in the tropical stratosphere and attributed to
changes in absorption of UV radiation by the ozone layer [e.g., Labitzke, 2003; Gray et al., 2010]. Such solar cycle
influences on tropical temperatures strengthen themeridional temperature gradient duringwinter, altering the
wind structure through thermal wind balance [e.g., Gray et al., 2010, and references therein]. In solar maximum
years, the polar vortex is more stable, which reduces the propagation of planetary waves into the stratosphere
and above, resulting in a weaker Brewer-Dobson (BD) circulation [Kodera and Kuroda, 2002;Matthes et al., 2006].
The resultant weaker downward circulation produces less adiabatic warming in the high-latitude region, which
leads to a cooler polar stratosphere. Kodera and Kuroda [2002] suggested that wind and temperature responses
to the solar cycle in the polar stratosphere andmesosphere propagate downward and poleward by altering the
propagation of planetary waves. Because planetary wave propagation is sensitive to wind and temperature
structure, solar cycle influences can be significantly affected by the phase of the quasi-biennial oscillation
(QBO) and also impact the occurrence of stratospheric sudden warming (SSW) [e.g., Labitzke and van Loon,
1988; Gray et al., 2001; Camp and Tung, 2007]. In addition to wind and temperature changes in the stratosphere,
Peck et al. [2015] documented solar cycle influences on chemical species (NOy) in the mesosphere to the strato-
sphere, which are potentially due to changes in wave-induced chemical transport. Transport of NOy from the
mesosphere to the stratosphere affects ozone chemistry in the polar stratosphere and thus can further affect
the temperature and wind structure in the stratosphere and below. It is therefore important to understand
how wave-induced chemical transport may be affected by the 11 year solar cycle. An essential component
of this wave-induced circulation, whose response to the 11 year solar cycle is not well understood, is the gravity
wave-induced residual circulation in the MLT region.

Gravity waves are generated in the lower atmosphere by a number of sources, such as the interaction of the
background flow with topography and the associated instabilities in this flow, geostrophic adjustment, and
convection [Fritts and Alexander, 2003]. Gravity waves that are generated in the lower atmosphere carry
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momentum and energy to the MLT and drive a residual circulation, which produces the cold summer
mesopause and closes the middle-atmosphere jets. Although gravity waves are an important element in
understanding the responses of the atmospheric circulation to the solar cycle, there have only been a few
observational studies that have investigated the impact of the solar cycle on gravity waves in themesosphere
using ground-based observations [Gavrilov et al., 1995; Laštovička, 1999; Bošková and Laštovička, 2001;
Gavrilov et al., 2002]. Each of these studies have found some measurable variation in the gravity wave activity
as a function of the 10.7 cm solar radio flux (F10.7), but the response of gravity waves to solar activity appears
to vary with geographical location, altitude, and period of the gravity waves. With so few ground-based mea-
surements of such waves over a long enough span of time, discerning any global scale response of gravity
wave activity to the 11 year solar cycle has not been possible from such observations. Recently, using
long-term satellite observations, Ern et al. [2011] demonstrated the occurrence of a negative correlation
between F10.7 and the amplitude of gravity waves inferred from TIMED-SABER temperature measurements
in the latitude range of 35°S–35°N at 30 km altitude. Although observational studies have shown some indi-
cations of gravity wave responses to the solar cycle, it is difficult to obtain robust results on gravity wave
responses due to the limited duration of gravity wave observations and limits to the portion of the gravity
wave spectrum seen by any particular measurement technique.

In addition to observational studies of gravity wave variations, there are also limited modeling studies of
gravity wave responses to the 11 year solar cycle. Most reanalysis data used for studies of the solar cycle
impacts on the atmosphere are limited to levels below ~10�1 hPa and cannot be used to study changes in
gravity wave drag and resultant circulation in the MLT, where gravity wave impacts are largest. Arnold and
Robinson [2003] simulated the effect of varying the gravity wave dissipation in the mesosphere in response
to varying F10.7 using an extended version of the UK Meteorological Office Stratosphere Mesosphere Model.
However, the gravity wave dissipation in their model was calculated using a specified Rayleigh friction profile,
which does not realistically capture the sensitivity of gravity wave dissipation to background conditions, and
the change in the gravity wave dissipation was imposed artificially. Responses of gravity waves to the solar
cycle and their impacts on the residual circulation have not been intensively studied using a fully resolved
chemical-climate model that includes the QBO and a realistic frequency of occurrence of stratospheric
sudden warmings (SSW), which are believed to be essential components required to characterize the
response of the atmosphere to the 11 year solar cycle.

Whole Atmospheric Community Climate Model (WACCM) is a self-consistent model with fully interactive
chemistry and an imposed QBO [Garcia et al., 2007; Marsh et al., 2007; de la Torre et al., 2012; Marsh et al.,
2013; Kren et al., 2014; Peck et al., 2015]. WACCM calculates physically based sources of gravity waves as part
of its gravity wave parameterization scheme and allows us to study how gravity waves produced by different
sources vary with the solar cycle. Therefore, WACCM is an appropriate tool for studying solar cycle influences
on gravity waves and wave-induced circulation. In this study, we use an ensemble of six simulations with
time-varying solar input from 1955 to 2005 and two 51 year long simulations with fixed solar inputs under
constant solar maximum and minimum conditions, to explore the solar cycle influences on gravity waves
and atmospheric circulation.

2. WACCM Simulations

This work uses the National Center for Atmospheric Research (NCAR) Whole Atmospheric Community
Climate Model (WACCM), version 4 [Garcia et al., 2007; Marsh et al., 2013]. The model domain extends from
the surface to ~140 km with 66 vertical levels and horizontal resolution of 1.9° latitude × 2.5° longitude.
WACCM chemistry is derived from the Model for Ozone and Related chemical Tracers (MOZART) [Kinnison
et al., 2007]. WACCM employs a Lindzen-type gravity wave parameterization scheme [Richter et al., 2010;
Lindzen, 1981]. Gravity wave source and spectrum variations are computed based upon flow over topogra-
phy, frontal systems, and convection [Richter et al., 2010]. Detailed descriptions of WACCM can be found in
Garcia et al. [2007], Marsh et al. [2013], and Peck et al. [2015].

In this study, two types of simulations are used: an ensemble of six simulations from 1955 to 2005 (total of
306years) and two 51 year perpetual simulations with fixed solarmaximum andminimum conditions. The ensem-
ble simulations were conducted with a fully coupled ocean and time-varying solar irradiance. These WACCM
simulations contain major volcanic eruptions, and greenhouse gases vary with these natural inputs from
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1955 to 2005. Detailed model setup and some analysis results can be found inMarsh et al. [2013]. Variations of
F10.7 fluxes are shown in Figure 1; there are approximately 4.5 solar cycles in each 51 year simulation. In addition
to the time-varying simulations, a pair of WACCM simulations with fixed solar maximum (W51-Smax) and solar
minimum (W51-Smin) conditions are conducted for the same years 1955 to 2005. W51-Smax simulations use a
fixed F10.7 flux of 220 and a Kp index of 5, and W51-Smin simulations use an F10.7 flux of 70 and a Kp index of 1.
Apart from the solar input, all other parameters used for these two simulations (W51-Smax and W51-Smin) are
the same. While the greenhouse gas and ozone levels change in all model simulations from the year 1955 to
2005, these changes are identical in the W51-Smax and W51-Smin simulations, which means that taking a
difference between these two completely removes any impact of these long-term variations. All WACCM
simulations used in this study use a forced QBO, and an example of QBO winds are shown in Figure 1.

3. Analysis Method

WACCM simulations have been used for studies of solar cycle influences on the lower atmosphere and the
MLT region. Marsh et al. [2007] used a set of perpetual WACCM 3 simulations under fixed solar maximum
and solar minimum conditions to study the solar cycle influences on chemical species. Peck et al. [2015]
extended the study of Marsh et al. [2007], using the WACCM 4 model, and they found similar solar cycle
responses of chemical species in WACCM 4 compared to WACCM 3. Kren et al. [2014] used WACCM simula-
tions from 1850 to 2005 and demonstrated that the solar cycle responses deduced from the model vary
depending on the length of data set and interval of years selected, indicating that solar cycle influences
are challenging to reliably extract from time-varying simulations due to variations of volcanic activity and
greenhouse gases. Previous results indicate the importance of the analysis method in identifying and
interpreting solar cycle influences in the middle atmosphere. Hence, in this study, we investigate the solar
cycle influences on the wave-induced circulation using two sets of WACCM simulations in an attempt to
identify a robust signature of solar influence on the MLT region.

First, we analyze the time-varying WACCM simulations from 1955 to 2005. For this analysis, solar maximum
and minimum years are defined in terms of F10.7; a value of F10.7> 150 corresponds to a solar maximum year
and F10.7< 110 corresponds to a solar minimum year as indicated in Figure 1a by the red and blue dashed
lines. These criteria were selected because mean F10.7 from 1955 to 2005 was ~130, and we used ±20 from
this value to define our solar maximum and minimum cutoffs. In this analysis, differences of temperature
(ΔT) and winds (ΔU) between composite solar maximum and solar minimum years are considered to be
the solar impacts on temperatures and winds.

Second, we analyze the fixed solar maximum (W51-Smax) and minimum simulations (W51-Smin). For these
simulations, solar influences are calculated by simply taking differences of zonal monthly or zonal seasonal
mean of the temperatures, winds, gravity wave drag, and Eliassen-Palm (EP) fluxes between the W51-Smax
and W51-Smin simulations. Because the W51-Smax and W51-Smin simulations use the same setup and
period from 1955 to 2005, the only differences between these two simulations are the solar inputs.
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Figure 1. (a) F10.7 radio flux and (b) monthly mean QBO winds in January at 45 hPa in WACCM simulations are shown here.
Red and blue lines in Figure 1a denote F10.7 values of 150 and 110, respectively. The red line in Figure 1b denotes zonal
mean zonal wind of 0m s�1.
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The phase of the QBO needs to be considered in order to understand the influences of solar cycle [e.g.,
Labitzke, 1987; Labitzke and van Loon, 1988;McCormack, 2003; Gray et al., 2004, 2010, and references therein].
In this study, we separate results based on the phase of the QBO. Following previous studies such as Labitzke
[1987] and Gray et al. [2004], the QBO phase is determined using the seasonal mean zonal wind at 45 hPa
averaged over ±5° latitude. The westerly QBO (QBO-W) phase is defined when the zonal winds are above
2m s�1 and the easterly QBO (QBO-E) phase when the zonal winds are below �2m s�1. Various criteria for
QBO wind speeds including 0m/s, 5m/s, and asymmetry of wind speed between the westerly and easterly
phases were used to test sensitivity of the results to QBO wind speed, and the results (not shown) do not
show significant changes when different QBO wind criteria are used.

The advantages of using two types of WACCM simulations are the following. By using the ensemble of six 51
year simulations, including greenhouse gases and other time-dependent events, relatively realistic atmo-
spheric responses to the solar cycle can be investigated. The second set of simulations, with fixed solar max-
imum and minimum conditions, might be expected to allow for an easier identification of solar influences,
because all parameters other than solar input are exactly the same in the two simulations. Therefore, by ana-
lyzing both sets of WACCM simulations, we can identify any robust solar cycle influence on the atmosphere
and analyze the model results to study mechanisms by which the atmosphere responds to the solar cycle.

4. Responses of Temperatures and Winds to the 11 Year Solar Cycle

The solar cycle influences on temperature (ΔT) and zonal wind (ΔU), shown in Figures 2 and 3, respectively, are
calculated by taking differences between composites of solar maximum and minimum periods using the six-
member ensemble of 51 year simulations with time-varying solar input. The results are separated by season.
The four seasons used here are defined as (1) December–January; (2) March–April; (3) June–July; and (4)
September–October. The number of years included in each season and QBO phase are summarized in
Table 1. The statistical significance level was found using a Student’s t test. In Figure 2, the most striking change
in ΔT is the ~2–5 K warming in solar maximum years above the mesosphere (above 10�2 hPa) in both the NH

Figure 2. Differences in zonal mean temperature (K) between solar maximum and solar minimum conditions, using an
ensemble of six 51 year simulations for (a, d, g, j) all data, (b, e, h, k) QBO easterly phase, and (c, f, i, l) QBO westerly phase.
Results are separated into rows by seasons (top row) December and January, (second row) March and April, (third row) June
and July, and (bottom row) September and October. The shaded areas show where the significance level is lower than 90%.
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and SH, throughout the year from pole to pole. The temperature results are similar to those presented by Forbes
et al. [2014], who examined the temperature observations from TIMED-SABER from 2002 to 2012, although the
magnitude of the temperature changes is larger in the SABER observations.

In December and January during the QBO-W phase, there is cooling of ~1–2 K in the stratosphere
(102–10 hPa) poleward of 50°N, and warming of ~1–2 K in the mesosphere (10–10�2 hPa). Although there
are similar patterns in ΔT during the QBO-E and all QBO phases in the NH in December–January, the results
are not statistically significant. The patterns of ΔT in QBO-W for December–January in the NH are very similar
to the temperature anomalies that accompany SSWs, but of opposite sign [e.g., Liu and Roble, 2002]. In
addition to ΔT, Figure 3 shows the eastward change in ΔU at high latitudes around 10 hPa (QBO-W, QBO-E,
and all QBO phases in December–January), which again is similar to the pattern of ΔU during SSWs (but
opposite in sign). In the SH from June to October (austral winter and spring), cooling in the stratosphere
and warming in the mesosphere are found poleward of 50°S during the QBO-W phase, and results are statis-
tically significant. In addition, there are also strong eastward changes in the zonal winds in the SH in the
altitude range of 102–1 hPa and 35–60°S during the June–July and September–October seasons.

Figures 4 and 5 are the counterparts to Figures 2 and 3, but for the WACCM simulations with fixed solar max-
imum andminimum conditions. In the SH from June to October (austral winter and spring), there is cooling of
~3–4 K in the stratosphere (102–1 hPa) and warming of ~3–6 K in the polar mesosphere (1–10�2 hPa). The

Figure 3. As in Figure 2 but for zonal mean zonal wind (m s�;1).

Table 1. Numbers of Data Points for Time-Varying Simulations and Fixed Solar Cycle Simulations

Dec.–Jan. Mar–Apr Jul–Aug Sep–Nov

Data Points in Time-Varying Simulations (Fixed Simulations)

Solar max QBO-E 54 (20) 42 (19) 54 (22) 60 (22)
QBO-W 54 (27) 66 (30) 48 (27) 48 (27)

Solar min QBO-E 60 (20) 66 (19) 54 (22) 48 (22)
QBO-W 60 (27) 66 (30) 84 (27) 84 (27)
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general pattern of cooling in the stratosphere and warming in the mesosphere is similar to that found in the
time-varying simulations, Figures 2 and 3. In addition, eastward changes in ΔU in the SH from June to October
are consistent between the time-varying simulations (Figure 3) and the fixed solar cycle simulations (Figure 5).
These results indicate robust ΔT andΔU responses to the solar cycle in the SH from June to October. Crooks and
Gray [2005] documented solar cycle influences in the SH in the troposphere and the stratosphere, and they
found that atmospheric responses were stronger during winter than any other season, which is consistent with
our analysis results.

On the other hand, results in the winter NH are not consistent between the time-varying and fixed solar cycle
simulations and the QBO-E and QBO-W phases. In the NH during the QBO-W phase from December to
January (Figures 4 and 5), there is cooling in the NH lower stratosphere, warming in the upper stratosphere
and cooling in the mesosphere along with westward ΔU at 10–10�2 hPa poleward of 50°N. The patterns in ΔT
and ΔU are similar between the QBO-E and QBO-W phases but opposite in sign. The differences in ΔT and ΔU
in the NH winter between QBO-E and QBO-W phases could result from the differences in the occurrence of
SSWs during solar maximum and minimum years and different QBO phases, as discussed in various studies
[see Gray et al., 2010, and references therein]. Although differences in the occurrence of SSWs could be con-
sidered part of the solar cycle influence on the atmosphere [e.g., Gray et al., 2010], SSW signals are large and
complicate the interpretation of any solar cycle influence on the atmosphere. Therefore, in order to avoid the
complications introduced by SSWs, this work will focus hereafter on statistically significant responses of ΔT
and ΔU in the SH, where polar vortex is more stable and major SSWs are extremely rare (there is only one
known example, in September of 2002). In particular, we will focus on the period from June to October
(winter and spring in the SH).

The main difference between simulations with time-varying and fixed solar conditions in the SH austral
winter and spring is the influence of the QBO. ΔT and ΔU are largest during the QBO-W phase for the
time-varying case, but not for fixed solar cycle simulations (Figures 2j–2l, 3j–3l, 4j–4l, and 5j–5l).

Figure 4. Differences in zonal mean temperature (K) between W51-Smax and W51-Smin simulations for (a, d, g, j) all data,
(b, e, h, k) QBO easterly phase, and (c, f, i, l) QBO westerly phase. Results are separated into rows by seasons (top row)
December and January, (second row) March and April, (third row) June and July, and (bottom row) September and October.
The shaded areas show where the significance level is lower than 90%.
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The structures in ΔT and ΔU are actually similar between both sets of simulations; the differences are in the
magnitude and statistical significance. This could be due to the differences in the number of data points. In
the September–October season, there are more than twice as many data points in the ensemble of time-
varying simulations as in the two fixed solar cycle simulations. Our results indicate that there are QBO
influences on the atmospheric responses to solar cycle using time-varying simulations. However, the
results are not consistent between the two sets of WACCM simulations (time-varying and fixed solar con-
ditions), suggesting no clear, robust QBO-solar cycle relationship in this work.

As seen from ΔU in Figures 3 and 5, there is more small-scale structure in the results from the simulation with
time-varying solar conditions (Figure 3). Results in Figures 2 and 3 are more complicated to interpret, because
atmospheric variability is larger in these simulations due to ozone depletion, volcanic eruptions, and changes
in greenhouse gases, which makes it more challenging to isolate any solar cycle influences. To study the solar
cycle influences in isolation using atmospheric simulations, it is simplest to use the fixed solar maximum and
minimum conditions, while suppressing variability due to changes in chemical composition and volcanic
aerosols in the atmosphere. Therefore, further study of any response in gravity waves or the wave-induced
residual circulation to the solar cycle, will be performed using fixed solar input simulations (W51-Smax and
W51-Smin). It should be noted here that results of the responses of gravity waves to the solar cycle are similar
between time-varying simulations and fixed solar input simulations (W51-Smax and W51-Smin), and main
difference between time-varying and fixed simulations is the level of statistical significance. Further, as the
fixed solar input simulations with all QBO phases show more statistically significant responses of ΔT and
ΔU, the following results from fixed solar cycle simulations include all QBO phases.

5. The Solar Cycle Influence in the Southern Hemisphere

Kodera and Kuroda [2002] argued that the anomalies of zonal winds induced by the solar cycle propagate
poleward and downward by altering the propagation of planetary waves. To understand the evolution of
the solar signal, Figure 6 shows the monthly mean differences in temperature (ΔT) and zonal wind (ΔU),
respectively, from June to October using the simulations with fixed solar conditions. From July to October,

Figure 5. As in Figure 4 but for zonal mean zonal wind (m s�1).
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there is a statistically significant cooling in the stratosphere and a warming in the mesosphere in the latitude
range of 50°S–80°S. In Figure 6, ΔU shows eastward changes up to ~8m s�1 in the stratosphere and meso-
sphere from 35°S–80°S, and westward changes both above and below the eastward changes. The eastward
zonal wind changes tend to propagate downward and poleward from July to October, in a manner consistent
with the arguments of Kodera and Kuroda [2002].

6. The Response of Waves and Wave-Driven Circulation to the 11 Year Solar Cycle

To understand changes in planetary waves associated with the wind changes described above, Figure 7
shows differences of the EP fluxes between the fixed solar maximum and minimum simulations. EP fluxes
are calculated based on Andrews [1987]. ΔU is overplotted in all panels of Figure 7. Solar cycle signals in
EPz and EPy show negative changes in the stratosphere, poleward of 50°S, that propagate downward and
poleward with time. These changes in EPz and EPy coincide with changes in the zonal wind. Because of
reduced propagation of planetary waves in the stratosphere and MLT, reduced westward acceleration
(eastward changes) in the divergence of EP flux is present in the latitude range of 50°S–90°S above the zonal
wind changes in the MLT.

Figure 6. Differences in monthly zonal mean (right) temperature (K) and (left) zonal wind (m s�1) are shown here. Results
are from W51-Smax and W51-Smin simulations in (top row) June, (second row) July, (third row) August, (fourth row)
September, and (bottom row) October. The shaded areas show where the significance level is lower than 90%.
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Finally, we examine the changes in gravity wave drag and associated changes in the residual circulation due
to the 11 year solar cycle. In the WACCM gravity wave parameterization scheme, gravity waves are launched
based on the occurrence of convection, frontal systems, and flow over topography [Richter et al., 2010]. We
investigate how gravity waves from different sources, and the acceleration they produce, respond to the
11 year solar cycle. Figure 8 shows differences in gravity wave drag between the 51 years of solar maximum
and minimum WACCM simulations for frontally generated gravity waves (ΔGWDfront), orographically
generated gravity waves (ΔGWDorography), and the total of three wave sources (ΔGWDtotal =ΔGWDfront

+ΔGWDorography +ΔGWDconvection). The contributions of convectively generated gravity waves,
ΔGWDconvection, are not shown explicitly because they are small at the latitude range of interest here. The
largest changes in total gravity wave drag occur in the middle to high latitudes. Comparing ΔGWDfront,
ΔGWDorography, and ΔGWDtotal, the main contribution to the change in gravity wave drag is from
ΔGWDfront. In general, the magnitude of ΔGWDfront is ~10 times larger than ΔGWDorography in the MLT.
Although ΔGWDorography is small, ΔGWDorography is significant poleward of 50°S in the stratosphere and
the lower mesosphere. The locations of ΔGWDorography coincide with changes in zonal winds. Because
orographically generated gravity waves are filtered out and cannot propagate upward through regions of
zero wind [e.g., Fritts and Alexander, 2003], it is reasonable that ΔGWDorography correlates with changes in
the zonal wind. ΔGWDfront shows the largest changes at altitudes above the wind anomalies. Gravity waves
generated by frontal systems inWACCM consist of both eastward and westward propagating waves. Because
of the eastward changes in zonal winds, fewer eastward gravity waves propagate up to the MLT region in the
model. Therefore, the net changes in gravity wave drag due to the solar cycle are westward, as shown in
Figure 8. Associated with zonal wind changes of ~8m s�1, the response of the monthly mean gravity wave

Figure 7. Differences in (left) meridional components of EP fluxes, (middle) vertical components of EP fluxes, and (right)
divergences of EP flux between W51-Smax and W51-Smin simulations. Results are monthly mean in (top row) June,
(second row) July, (third row) August, (fourth row) September, and (bottom row) October. All QBO phases are included. EPy
and EPz are normalized by the square root of the atmospheric density to show the entire altitude range. Black lines indicate
differences in zonal mean zonal wind between solar maximum and solar minimum simulations. Contour interval is 2m s�1,
and solid (dashed) lines indicate eastward (westward) zonal wind differences. The shaded areas show where the significance
level is less than 90%.
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drag in the MLT to the solar cycle is ~10m s�1 d�1, equivalent to ~10% of the gravity wave drag in the MLT
region. Peak changes in total gravity wave drag (right column) also propagate downward and slightly
poleward, following the zonal wind changes.

Because there are substantial changes in gravity wave drag, it is reasonable to assume that the residual
circulation would change due to solar cycle-related changes in waves and winds. Figure 9 shows the
responses of vertical (w*) and meridional (v*) components of the residual circulation to the solar cycle and
the associated changes in temperature. The arrows show the sense of the change in the residual circulation
based on changes in w* and v*. For all 4 months shown, v* indicates a poleward flow from 0° to 80°S at
10�1–10�2 hPa in the mesosphere. By continuity, there are downward and upward flows below and above
10�2 hPa, respectively, where the poleward meridional circulation maximizes. The downward and upward
flow below and above 10�2 hPa induces adiabatic warming and cooling, respectively. Temperature changes
of ~1–4 K in the SH polar MLT in solar maximum simulations correspond well with the wave-induced down-
ward residual circulation. The results shown here indicate that solar cycle signals in temperature in the MLT
are significantly influenced by solar cycle-induced downwelling in response to changes in gravity wave drag
due to changes in zonal winds in the stratosphere.

7. Discussion and Conclusions

This study describes the influence of the 11 year solar cycle on gravity waves and the wave-driven circulation
using two sets of simulations of theWACCMmodel: an ensemble of six simulations of the period from 1955 to
2005; and a second set of simulations with fixed solar maximum and minimum conditions. The first analysis
uses the results of a six-member ensemble of 51 year simulations with time-varying F10.7, and takes the
differences between solar maximum (F10.7> 150) and minimum (F10.7< 110) years. The second analysis uses
the two 51 year simulations, with fixed solar input for solar maximum andminimum conditions, and takes the
difference between these two simulations. From both simulations with time-varying solar input and fixed

Figure 8. As in Figure 7 but for gravity wave drag generated by (left) frontal systems, (middle) orography, and (right) sum of
frontal systems, orography, and convection sources. The black lines indicate the difference in the zonal mean zonal wind
between the solar maximum and solar minimum simulations.
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solar input, we found clear and robust responses in zonal wind and temperature to the solar cycle in the SH
from June to October. Solar cycle influences are larger during QBO-W phase in time-varying simulations.
However, simulations with fixed solar conditions do not show clear QBO influences on solar cycle responses.
Thus, there is no clear, robust QBO-solar cycle relationship identified in this work.

In the SH, there are no major SSWs in the W51-Smax and W51-Smin simulations; therefore, we focus on the
SH for this study to avoid complications related to the number of occurrences of the SSWs in solar minimum
and maximum years chosen for our simulations. Our results show that there are statistically significant
responses in temperature and wind in the SH from the stratosphere to the lower thermosphere from June
to October. The solar cycle influence on monthly mean temperature in the SH from July to October results
in a cooling of 1–3 K in the stratosphere and a warming of 1–4 K in the MLT. During solar maximum, the polar
vortex is more stable and the eastward wind speed is ~8m s�1 greater than during the solar minimum. Above
the polar night jet, zonal wind changes in the MLT are ~3–4m s�1 westward. This pattern of changes in zonal
winds propagates downward and poleward from July to October in the SH. Associated with changes in zonal
winds, both vertical andmeridional components of the EP flux decrease, indicating the corresponding down-
ward and poleward propagation of planetary waves during solar maximum years, as proposed by Kodera and
Kuroda [2002]. During the solar maximum years, planetary waves propagate less effectively into the upper
stratosphere and themesosphere due to changes in wind structure. Due to the eastward zonal wind changes,
the propagation of eastward gravity waves to the MLT is reduced because of filtering by the stronger
eastward winds. This results in a net westward change in gravity wave drag at solar maximum, peaking at
~10m s�1 d�1 in the SH high-latitude MLT. Correlated with this westward acceleration during the solar
maximum years, there is a poleward and downward residual circulation anomaly in the high-latitude SH in

Figure 9. Monthly mean differences in (left column) w*, (middle column) v*, and (right column) temperature between
average of W51-Smax and W51-Smin simulations are shown for (top row) June, (second row) July, (third row) August,
(fourth row) September, and (bottom row) October. White arrows (Figure 9, right column) indicate the net change of the
residual circulation. The shaded areas show where the significance level is lower than 90%.
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the MLT, which warms the polar MLT below 10�2 hPa. The wave-induced residual circulation contributes a
~1–4 K warming in the MLT region.

This study demonstrates that there are statistically significant changes in gravity wave drag and associated
residual circulation due to the 11 year solar cycle in the SH. As discussed by Peck et al. [2015], transport of
chemical species (NOx and NOy) could affect ozone in the polar stratosphere and further influence the wind
and temperature field in the stratosphere and below. Therefore, it is important to study how gravity wave
changes due to the solar cycle affect the downwelling circulation in order to fully understand the solar
influences on the atmosphere. In this study, we have used parameterized gravity waves to study solar cycle
influences onwave-induced circulation. As a future study, it would be instructive to examine solar cycle influences
on waves using high-resolution models that can resolve small-scale gravity waves, such as a high-resolution
WACCM [Liu et al., 2014].
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