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Abstract This work uses Sounding of the Atmosphere using Broadband Emission Radiometry CO2 data
from 2002 to 2015 and Specified Dynamics-Whole Atmosphere Community Climate Model (SD-WACCM)
outputs from 1979 to 2014 to show, for the first time, the solar cycle response of CO2 in the Austral winter
mesosphere and lower thermosphere region. Both Sounding of the Atmosphere using Broadband Emission
Radiometry and SD-WACCM show that CO2 experiences a decrease during solar maximum throughout the
Austral winter mesosphere and lower thermosphere region. This work highlights the regions where CO2

experiences its strongest and weakest solar cycle responses as modeled by SD-WACCM. The region with the
strongest solar cycle response experiences around 5% reduction in CO2 between solar maximum and solar
minimum. The region with weakest solar cycle response experiences less than 1% reduction in CO2 between
solar maximum and solar minimum. It is shown that the region of the strongest CO2 response is driven by
photodissociation, downwelling, and reduced eddy diffusion. On the other hand, the region of the weakest
CO2 response is driven by the opposing effects of photodissociation and enhanced eddy diffusion. This is the
first work to show that the solar cycle could affect the Austral winter lower thermosphere circulation and
eddy diffusion processes. These anomalies in the lower thermospheric circulation and eddy diffusion are
found to be related to the solar cycle response in the Austral winter mesosphere wave-mean flow dynamics.
This work therefore concludes that the solar cycle affects lower thermospheric CO2 via modulations of the
lower thermospheric circulation and eddy diffusion processes.

1. Introduction

The ultraviolet (UV) and extreme UV (EUV) fluxes are known to vary with the 11-year solar cycle (SC) variation
(Beig et al., 2008; Gray et al., 2010; Lean et al., 1997; Woods & Rottman, 1997). Specifically, the EUV fluxes vary
by a factor of 2 or more with the 11-year SC (Lean et al., 1997). The UV fluxes vary by 3–10% depending on
wavelength (Ermolli et al., 2013; Haberreiter et al., 2017). The SC modulation of UV is known to induce signifi-
cant changes in stratospheric ozone because the photochemistry of ozone is predominantly driven by UV dis-
sociative photons (Gray et al., 2009; Labitzke, 2003; McCormack & Hood, 1996; Randel & Wu, 2007; Shindell
et al., 1999). Numerous modeling and observational studies have already identified some consistent SC
responses in the stratosphere (~15 to ~50 km) during solstice (Chiodo et al., 2012; Hampson et al., 2005;
Hampson et al., 2006; Keckhut et al., 2005; Kodera & Kuroda, 2002; Langematz et al., 2005; Marsh et al.,
2007; Matthes et al., 2004; Schmidt et al., 2006; Schmidt & Brasseur, 2006; Shibata & Kodera, 2005; Tsutsui
et al., 2009). They found that in early winter during solar maximum, stratospheric ozone increases, which then
increases diabatic heating over the summer hemisphere and the equator. This strengthens the stratospheric
westerly jet over the winter hemisphere. As winter progresses, this enhancement in the jet perturbs the
wave-mean flow dynamics over the winter hemisphere. Specifically, this alters the propagation of planetary
Rossby waves by refracting them poleward and downward. Consequently, the zonal-mean zonal wind
anomalies move poleward and downward, causing an enhancement of the winter polar jet. This further
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hinders breaking planetary waves from enhancing the winter residual circulation, which yields a net weaken-
ing of this winter cell. Numerous studies have then shown how these SC responses in the stratosphere affect
the troposphere (Baldwin & Dunkerton, 2005; Lu et al., 2017a, 2017b; Matthes et al., 2006; Mitchell et al., 2015).
A less explored topic is how the stratospheric SC response affects the residual circulation and diffusion pro-
cesses in the mesosphere and lower thermosphere region (MLT region) during solstice.

The structure of the MLT region (~50 to ~110 km) is largely affected by gravity waves. Gravity waves are
known to vertically propagate and are filtered by background zonal winds (e.g., polar jet). Only gravity waves
whose phase velocity is opposite to the background zonal winds or whose speed is faster than the back-
ground zonal wind in the stratosphere and mesosphere are able to vertically propagate through these
regions (Fritts & Alexander, 2003). In the mesopause, air density becomes too low such that gravity waves
saturate and break. Breaking gravity waves deposit their momentum and heat into the background atmo-
sphere. Because of this, the winter mesopause easterly jet is produced due to breaking easterly gravity waves,
while the summer mesopause westerly jet is due to breaking westerly gravity waves. The Coriolis force then
induces a summer-to-winter mesospheric residual circulation closed by adiabatic cooling over the summer
mesopause and by adiabatic warming over the winter mesopause. Above the mesopause, the lower thermo-
sphere also has a residual circulation albeit opposite in direction to the mesopause residual circulation (Qian
et al., 2017; Smith et al., 2011). The lower thermospheric circulation is directed from the winter hemisphere to
the summer hemisphere because the gravity waves that drive them are opposite in phase velocity direction
to the gravity waves driving the mesopause.

Recent works started showing a possible SC response in the mesospheric residual circulation during solstice
seasons and how it is initiated by the SC response of the stratosphere (Cullens et al., 2016; Gan et al., 2017;
Hampson et al., 2005; Keckhut et al., 2005; Li et al., 2011). Kodera and Kuroda (2002) and Kodera et al.
(2003) both reported on enhancements of the lower mesospheric winter subtropical jet during solar maxi-
mum period as a response to the strengthening of the stratospheric winter jet. Cullens et al. (2016) added
that these responses in the zonal-mean zonal wind induce changes in gravity wave propagation, and conse-
quently, the mesospheric residual circulation. Using the Whole Atmosphere Community Climate Model ver-
sion 4 (WACCM4), they found that the enhanced winter mesospheric subtropical jet further reduces the
westerly gravity waves, which then induces a net easterly anomaly in the mesosphere. This then enhances
the poleward and downward residual circulation over the winter hemisphere. Gan et al. (2017) corroborated
these results using temperature observations from the Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) payload onboard the Thermosphere Ionosphere Mesosphere Energetics
and Dynamics (TIMED) satellite and 30-year model outputs from the Extended Canadian Middle
Atmosphere Model.

While there has been progress on understanding the SC response of the mesosphere, little is known on the
SC response of the lower thermosphere (~90 to ~110 km). This is because the presence of another gravity
wave-driven winter-to-summer residual circulation was shown only recently (Qian et al., 2017; Smith et al.,
2011). This work aims to further advance our knowledge of the SC responses of theMLT region during solstice
seasons. We will present and analyze the SC response of lower thermosphere phenomena driven by lower
atmosphere processes for the first time. This work builds off of Qian et al. (2017) by also utilizing CO2 as a tra-
cer for MLT dynamics. CO2 is primarily controlled by both advection and diffusion throughout the MLT region
(LóPez-Puertas et al., 2000). This will also allow us to subsequently determine the effects of the SC on the
transport of lower thermospheric CO2. Determining how the SC affects the transport of CO2 is important
because it contributes significantly to the energy balance of the MLT region (Beig et al., 2008; Marsh,
2011). CO2 is an important cooling agent throughout the MLT region (Mlynczak, 2000). Beig et al. (2008) gave
a review on the SC response of the MLT region’s temperature structure and pointed out that understanding
the SC response of the MLT region’s energy balance remains a challenge.

This work utilizes 13 years of CO2 data from SABER onboard the TIMED satellite. This work starts by using
SABER CO2 to validate model outputs from the Specified Dynamics-WACCM (SD-WACCM). These model out-
puts will then be used to determine and explain the possible SC responses of CO2 in the MLT region during
solstice seasons. By exploring the SC response of CO2 in the MLT region during solstice seasons, this work
aims to show how the SC responses of wave-mean flow dynamics in the MLT region could possibly affect
the advective and diffusive transport of CO2 in the MLT region.
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2. Methodology
2.1. Satellite Observations and SD-WACCM

This work utilizes CO2 observations from the SABER instrument onboard the TIMED satellite (Rezac et al.,
2015b; Russell III et al., 1999). All CO2 profiles from February 2002 to December 2015 are used. These CO2

observations are mostly reliable between the altitudes of 80 and 110 km (Rezac et al., 2015a). These CO2

observations were first vertically interpolated onto SD-WACCM pressure levels. This vertical interpolation
is acceptable because the CO2 observations have a higher vertical resolution than SD-WACCM. The latitudi-
nal coverage of SABER alternates between 53°S–82°N and 82°S–53°N because of the 60-day spacecraft yaw
cycle (Russell III et al., 1999). Thus, this work will only use CO2 profiles between 50°S and 50 N. Also, with an
orbital period of 1.6 hr and a local time precession of 12 min per day, it takes 60 days to sample all latitudes
with complete local time coverage. Thus, we binned the data into bimonthly 5° zonal means from 85°S
to 85 N.

There are only day-time CO2 profiles (Rezac et al., 2015b). There have not yet been reports on the tidal
modulation of CO2 profiles, so it is difficult to ascertain how this will affect our results. At the very least,
previous works have shown that during solstice, the migrating semidiurnal tide is significant over the win-
ter hemisphere poleward of 30° latitude (Pancheva et al., 2009; Zhang et al., 2006). Thus, for now this
work just cautions on results involving SABER observations beyond 30° latitude. These SABER CO2 obser-
vations also encompass only one solar-cycle. While this may not be enough to isolate robust signals of
the SC responses of CO2, it can be used to validate a model over the same time span. In this work, these
observations are used to validate model outputs from SD-WACCM. SD-WACCM is a version of the Whole
WACCM4 that is constrained by the Modern-Era Retrospective Analysis for Research and Applications
(MERRA) Reanalysis data set (Marsh et al., 2013; Rienecker et al., 2011). The model extends from the sur-
face to ~140 km but is nudged to MERRA below ~50 km. Constraining the model with MERRA below
~50 km ensures that the model is realistic from the surface to the stratosphere (Kunz et al., 2011). This
thus allows us to determine the response of the MLT region to SC changes in the stratosphere. All
monthly model outputs from 1979 to 2014 were used. The model runs started in 1979 because the ear-
liest available MERRA data set is in 1979. For consistency with the observations, they were also binned to
bimonthly zonal mean.

Comparisons with observations of temperature and trace species have already shown that SD-WACCM
can simulate the summer-to-winter circulation up to the mesosphere. To model the MLT region, an
accurate gravity wave parameterization is necessary. SD-WACCM utilizes the Lindzen-type gravity wave
parameterization scheme (Lindzen, 1981). The gravity wave source and spectrum takes into account flow
over topography, frontal systems, and convection (Richter et al., 2010). Garcia et al. (2014) improved the
gravity wave parameterization by adjusting eddy diffusion coefficients in the model. Recently, Qian et al.
(2017) showed good agreement with CO2 observations from SABER for SD-WACCM to simulate the
winter-to-summer circulation in the lower thermosphere. Since this circulation is important in lower
thermospheric CO2 variability, this allows us to use SD-WACCM in determining the SC response of the
lower thermospheric residual circulation.

2.2. Chemical Tendency Analysis

A chemical tendency analysis using the continuity equations for CO2 is performed to explain how the SC
affects its concentration in the MLT region. This analysis is applied to the SD-WACCM outputs. In the trans-
formed Eulerian mean (TEM) system, the continuity equation for a given zonal-mean of species concentration
(in parts-per-million) μ is given by

∂μ
∂t

¼ � v�

a
∂μ
∂ϕ

� w� ∂μ
∂z

þ P � Lμþ XK þ XD (1)

where t is time. ϕ is latitude. z is geopotential height. P is the zonal-mean chemical production rate. L is the
zonal-mean chemical loss rate. v� and w� are the TEM meridional and vertical winds (hereafter referred
together as the residual circulation). They are defined as

10.1029/2018JA025575Journal of Geophysical Research: Space Physics

SALINAS ET AL. 7583

 21699402, 2018, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2018JA

025575 by N
tnu N

orw
egian U

niversity O
f S, W

iley O
nline L

ibrary on [19/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



v� ¼ v � 1
ρ0

∂
∂z

ρ0
v 0θ

0

θz

 !
(2)

w� ¼ w þ 1
a cosϕ

∂
∂ϕ

cosϕ
v 0θ

0

θz

 !
(3)

where a is the radius of the Earth which is 6.37 × 106 m. v and w are the zonal-mean meridional and vertical
winds. v

0
is the perturbation of the meridional wind from the zonal mean. ρ0 is the atmospheric neutral

density. θ is the potential temperature and θz ¼ ∂θ
∂z
. Xk is the chemical tendency due to eddy diffusion and

it is defined as

XK ¼ 1
ρ0

∂
∂z

ρ0Kzz
∂μ
∂z

� �
(4)

where Kzz is the eddy diffusion. Eddy diffusion is a parameterization for subgrid scale motions. In this model,
this includes diffusion due to breaking gravity waves. Xd is the chemical tendency due to molecular diffusion,
and it is defined as

XD ¼ 1
ρ0

∂
∂z

ρ0Dμ
∂μ
∂z

� �
� 1
ρ0

∂
∂z

ρ0μwDð Þ (5)

where Dμ is the molecular diffusion for species μ andwD is its corresponding diffusive separation velocity. For
more details on this chemical tendency analysis, see Smith et al. (2011).

Equation (1) states that the time rate-of-change of a given species is driven by advection due to the residual
circulation, chemical production rate, chemical loss, Kzz, and molecular diffusion. The production sources of
CO2 in the MLT region are negligible so the production rate can be ignored.

In the MLT region, the most important chemical reactions of CO2 are photodissociation reactions.
Photodissociation of CO2 in the MLT region is due to UV and EUV radiation (Solomon & Brasseur, 1986).
Both wavelengths induce the same reaction:

L : CO2 þ hv→COþ O (6)

Reaction L involves the production of carbon monoxide and atomic oxygen. Below 90 km, photodissociation
of CO2 is drivenmore by UV radiation. Above 90 km, photodissociation of CO2 is drivenmore by EUV radiation
(Garcia et al., 2014).

Equation (1) determines the relative contribution (in ppm/d) of chemical reactions and transport processes to
the changes in a given species. It does not, however, determine which of these processes are important for a
given time scale. For chemical reactions, this is best determined by the species chemical lifetime, which is
given by

τchem ¼ 1

L
(7)

where L is the photochemical loss rate. For transport processes, this is best determined by the transport time
scales. For meridional and vertical advection due to the residual circulation, these are given by

τv� ¼ l
v�

(8)

τw� ¼ Hμ

w� (9)

where l is a characteristic meridional length which this work sets as 10° or ~1,000 km (Jones et al., 2016).Hμ is
the species scale height. For mixing due to eddy and molecular diffusion, these are given by
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τKzz ¼
Hμ

2

Kzz
(10)

τD ¼ Hμ
2

D
(11)

Given a certain time span, the most important chemical reactions and transport processes are those whose
time scales are less than the given time span. Also, a given species is chemically inert over a certain time span
if its photochemical lifetime is much longer than its transport time scale.

2.3. Multiple Linear Regression and Correlation Analysis

All of the parameters calculated from the observations and model outputs are subject to a multiple linear
regression (MLR) to determine the SC dependencies of these parameters. F test is used to determine the
statistical significance of the fits. This approach is similar to Gan et al. (2017), who performed an MLR on
temperature and the terms of the thermodynamic equation, namely, advection of temperature, adiabatic
heating, and diabatic heating. This work focuses on the SC response in June. Hence, an MLR is applied to
all time series of the parameters in June. The time series of the parameters are fitted into this equation:

μ ¼ Aþ Bt þ C�F10:7þ D�QBOþ E�MEI (12)

Here A is the mean. B is the linear trend. C is the regression coefficient for SC. SC is represented by the F10.7
index. D is the regression coefficient for the quasi-biennial oscillation (QBO) which is represented by the
30-mb QBO index. E is the regression coefficient for the El Niño–Southern Oscillation (ENSO) which is repre-
sented by the multivariate ENSO index (MEI). For example, all CO2 concentrations in June for all years were
collected, and the MLR fitting shown in equation (12) was conducted to obtain coefficients of F10.7, QBO,
and MEI terms. This work only shows the SC responses in June to ensure that influences of the sudden strato-
spheric warming are not aliased into the results (Cullens et al., 2016; Gan et al., 2017; Liu & Roble, 2002). This
allows us to establish a baseline dynamic for the SC response of the MLT region during the dynamically active
winter season. This work will not attempt to show the evolution of the MLT’s SC response over a given season
because this work does a bimonthly averaging on all observed, modeled, and derived parameters.

Apart from an MLR, this work will also involve presenting the time series of some of the observed, modeled,
or derived parameters. The temporal mean of the time series will be removed. Showing these residual time
series will help confirm theMLR coefficients. This will include doing a correlation analysis where the condition
for statistical significance is for p-value less than 0.05. Comparing the actual time series with the results of an
MLR and correlation analysis will present some insights on the frequent application of these methods to
SC studies.

The flow of our analysis is as follows. First, the SC response of the observed and modeled CO2 in June is com-
pared. Specifically, SABER CO2 from 2002 to 2015 is compared with SD-WACCM CO2 from 2002 to 2014. This is
done to validate SD-WACCM CO2. After validating SD-WACCM, the SC response of CO2 in June over the winter
hemisphere as modeled by SD-WACCM from 1979 to 2014 is presented. To diagnose the SC response of CO2

in the model, the SC response of the photochemical and transport tendency terms is determined. In conjunc-
tion, the SC response of the residual meridional velocity, residual vertical velocity, eddy diffusion (Kzz
hereafter), and molecular diffusion coefficients are also determined. Finally, since the residual circulation
and the diffusion processes in the MLT region are predominantly driven by wave-mean flow dynamics, the
SC responses of the zonal-mean zonal wind and gravity wave drag are determined. Strictly speaking, plane-
tary waves and tides are also important in the middle atmosphere. They are not analyzed here because the
residual circulation and Kzz in the MLT region are driven primarily by gravity waves. Also, an analysis involving
these planetary-scale waves will require looking at each type of wave. This is beyond the scope of this paper.

3. Results

In this section, we first compare the observed andmodeled SC responses of CO2. This will determine howwell
SD-WACCM models these observed SC responses. Then, the SC responses of CO2 in June over the winter
hemisphere as modeled by SD-WACCM from 1979 to 2014 are presented and explained. Finally, the SC
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responses of residual circulation, Kzz, zonal-mean zonal wind, zonal-mean temperature, and gravity wave
drag are presented and related to the SC responses of CO2. All figures comprise 3 to 4 subplots. Each
subplot will be denoted as Figures x and y, where x is the figure number and y is the subplot letter.

3.1. Comparison of SABER CO2 and SD-WACCM CO2

The SC response of SABER CO2 in June between altitudes 80 and 100 km from 2002 to 2015 as regression
coefficients for F10.7 is shown in Figure 1a. Similarly, the SC response of SD-WACCM CO2 between altitudes
80 and 100 km in June from 2002 to 2014 as regression coefficients for F10.7 is shown in Figure 1b. Below
85 km, both SABER and SD-WACCM have statistically significant weak positive responses with regression
coefficients of around +5 ppm/100 sfu between 30°S and the equator. A positive response indicates that dur-
ing solar maximum, there is an increase in CO2. Both SABER and SD-WACCM also have statistically significant
negative responses with regression coefficients of around �8 ppm/100 sfu poleward of 30°S. These regres-
sion coefficients below 85 km translate to less than ±1% change from solar minimum to solar maximum.
Above 85 km, both SABER and SD-WACCM have statistically significant negative response over latitudes
30°S to 0. A negative response indicates that during solar maximum, there is a decrease in CO2. However,
SD-WACCM has regression coefficients of at least �15 ppm/100 sfu in this region, while SABER only has
regression coefficients of no more than �10 ppm/100 sfu. These regression coefficients above 85 km corre-
spond to at least �5% change from solar minimum to solar maximum. Southward of this region, the
responses are not statistically significant for both SABER and SD-WACCM.

To confirm these regression coefficients, Figure 1c shows a time series of June data points over two regions.
Only the temporal mean was removed from these time series. These time series are overlaid with the F10.7
index. The first region is the region where both SABER and SD-WACCM show statistically significant negative
responses above 95 km between latitude 10°S and the equator. For periods when the F10.7 index is greater
than 150 sfu, both SABER and SD-WACCM show magnitudes below average. For periods when the F10.7
index is below 90 sfu, both SABER and SD-WACCM show magnitudes above average. The second region is
the region where both SABER and SD-WACCM show nonstatistically significant positive responses and this
is above 95 km between latitude 50°S and 30°S. It can be seen that positive and negative anomalies are pre-
sent at both F10.7 extremes. These time series support the regression coefficients of Figures 1a and 1b. These
similarities in SABER and SD-WACCM give us confidence in utilizing the full length of SD-WACCM outputs for
a more in-depth analysis of the SC response of CO2 in the MLT region. So far, only Emmert et al. (2012) have
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Figure 1. Regression coefficients between CO2 residual and F10.7 index as a function of altitude and latitude.
(a) Coefficients for F10.7 from multiple linear regression (MLR) fitting to Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) CO2 residual in June from 2002 to 2015. (b) Coefficients for F10.7 fromMLR fitting to Specified
Dynamics-Whole Atmosphere Community Climate Model (SD-WACCM) CO2 residual in June from 2002 to 2014. The
white lines denote regions of statistical significance for p-value >90%. (c) Time series of SABER and SD-WACCM CO2 resi-
dual in June from 2002 to 2015 averaged between altitudes 95 and 100 km. Figure legend indicates latitudinal coverage.
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presented the SC variation of CO2. Using CO2 measurements from the Atmospheric Chemistry Experiment
Fourier Transform Spectrometer, they showed that global-mean CO2 has a negative SC response due to
photodissociation by EUV and UV radiation.

3.2. Solar Cycle Response of CO2 Over the Austral Winter MLT Region

Figure 2a shows the SC response of SD-WACCM CO2 in June from 1979 to 2014. This plot shows that CO2 is
consistently lower during solar maximum. This work will focus on the responses over two regions. The first
region is above 90 km between latitudes 40°S and 20°S where there are peak regression coefficients of at
least �10 ppm/100 sfu (referred to as strong region hereafter). The second region is the region above
90 km and between 65°S and 55°S, where the lowest regression coefficients of around�5 ppm/100 sfu occur
(referred to as weak region hereafter). Figure 1b also exhibited similar characteristics even if it only utilized
data that is one solar cycle long. This suggests that from 2002 to 2015, the SC has the most dominant inter-
annual variation of MLT CO2 in June.

To confirm these regression coefficients, Figure 2b shows a time series of June data points from 1979 to 2014
over strong and weak regions. Only the temporal mean is removed. These time series are overplotted with
the F10.7 index. The time series of strong region clearly shows the anticorrelation between SD-WACCM
CO2 in this region and the F10.7 index. In addition, the years of local maximum have the following magni-
tudes: +12.08 ppm in 1986, +11.4 ppm in 1996, +12.73 ppm in 2006, and + 7.57 ppm in 2013. The years of
local minimum have the following values: �8.145 ppm in 1979, �19.31 ppm in 1989, and �17.67 ppm in
2000. The time series of weak region also clearly shows the anticorrelation between SD-WACCM CO2 in this
region and the F10.7 index. However, the years of local maximum have the following magnitudes:
+11.16 ppm in 1986, +13.28 ppm in 1996, +7.18 ppm in 2006, and +3.3 ppm in 2013. The years of local mini-
mum have the following magnitudes: �11.45 ppm in 1979, �10.23 ppm in 1989, and �15.02 ppm in 2000.
The time series show that, from a strictly numerical perspective, the stronger regression coefficients over
the strong region are correct. It further shows that the SC is the strongest interannual variation of lower
thermospheric CO2 in June.

To explain the SC response of SD-WACCM CO2 in June, the SC response of its most important chemical loss
reactions in the MLT region is first presented. SD-WACCM accounts for the two most important chemical loss

A) SD-WACCM CO
2
 JUNE SC MLR 1979 to 2014

-80 -60 -40 -20 0
LATITUDE

80

85

90

95

100

A
L

T
IT

U
D

E
 (

km
)

-10

0

10

1980 1985 1990 1995 2000 2005 2010
-20

-10

0

10

20

C
O

 (
p

p
m

)

B) SD-WACCM CO
2
 IN JUNE 95 km - 100 km

50

100

150

200

250

F
10

.7
 (

sf
u

)

[20S,40S]

[55S,65S]

C) CO
2

L
UV

 JUNE SOLAR CYCLE RESPONSE

-80 -60 -40 -20 0
LATITUDE

80

85

90

95

100

A
L

T
IT

U
D

E
 (

km
)

-0.2

-0.1

0

0.1

0.2
D) CO

2
L

EUV
 JUNE SOLAR CYCLE RESPONSE

-80 -60 -40 -20 0
LATITUDE

80

85

90

95

100

A
L

T
IT

U
D

E
 (

km
)

-0.5

0

0.5

Figure 2. (a) Regression coefficients (in ppm/100 sfu) between Specified Dynamics-Whole Atmosphere Community
Climate Model (SD-WACCM) CO2 residual and the F10.7 index in June from 1979 to 2014. (b) Time series of SD-WACCM
CO2 residual averaged between altitudes 95 and 100 km. Figure legend indicates latitudinal coverage. (c) Regression
coefficients (in ppm/d/100 sfu) between LUV term and F10.7 index in June from 1979 to 2014. (d) Regression coefficients (in
ppm/d/100 sfu) between LEUV term and F10.7 index in June from 1979 to 2014. See text for details. The white lines denote
regions of statistical significance for p-value >90%.
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reactions of CO2 in the MLT region. Both reactions involve the photodissociation of CO2 and yield the same
products, as given in equation (6), but are driven by radiation at different wavelengths of the solar spectrum.
Below 95 km, the photodissociation of CO2 is predominantly driven by UV radiation. LUV gives the chemical
tendency of this reaction. Figure 2c shows the SC response of LUV in June from 1979 to 2014. It shows a peak
negative response with regression coefficients of around �0.1 ppm/100 sfu between 85 and 95 km over the
equator. The response weakens with increasing latitude. The absolute magnitude of LUV is negative since it is
a photochemical loss reaction and always acts to reduce CO2. The negative response of LUV to the SC
therefore indicates that more CO2 is lost during solar maximum as a result of LUV. This implies that this
reaction intensifies during solar maximum. This is consistent with how UV fluxes vary 3–10% throughout a
SC (Ermolli et al., 2013; Haberreiter et al., 2017).

Above 95 km, the photodissociation of CO2 is predominantly driven by EUV radiation (Garcia et al., 2014). LEUV
gives the chemical tendency of this reaction. Figure 2d shows the SC response of LEUV in June from 1979 to
2014. It shows a peak negative response with regression coefficients of around �0.5 ppm/100 sfu above
95 km over the equator. Similar to LUV, this indicates that more CO2 is lost during solar maximum as a result
of reaction LEUV. The SC response of LEUV also weakens with increasing latitude. Figure 2a shows peak nega-
tive responses above 95 km. This shows that LEUV is more important than LUV in explaining the SC response of
CO2 above 95 km. This is consistent with how the EUV fluxes vary with a factor of 2 or more with 11-year SC
(Lean et al., 1997).

Figure 2a clearly shows that the SC response of CO2 is negative throughout the MLT region. Both LUV and LEUV
also show the same characteristic. This shows that these photochemical loss reactions contribute to the
general negative response of CO2 throughout the MLT region. However, the presence of strong and weak
regions cannot solely be explained by photochemical loss reactions. This prompts us to look into the
transport processes.

The transport of CO2 is driven by the TEM residual circulation, Kzz, and molecular diffusion. The TEM residual
circulation is composed of the meridional residual velocity (v*) and the vertical residual velocity (w*). The term

� v�

a
∂μ
∂ϕ

in equation (1) is thus the meridional advection of a given tracer species, while�w� ∂μ
∂z

is the vertical

advection of a given tracer species. Figure 3a shows the SC response of the meridional advection of CO2 (v�CO2
hereafter) in June from 1979 to 2014. There is a statistically significant positive response below 90 km
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Figure 3. (a) Coefficients for F10.7 for the multiple linear regression (MLR) fitting of the transformed Eulerian mean (TEM)
meridional transport term. (b) Coefficients for F10.7 for the MLR fitting of the TEM vertical transport term. (c) Coefficients for
F10.7 for the MLR fitting of eddy diffusion term. (d) Coefficients for F10.7 for the MLR fitting of molecular diffusion term.
Units are all ppm/d/100 sfu. The white lines denote regions of statistical significance for p-value >90%.
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between latitudes 50°S and 20°S with regression coefficients of around 0.5 ppm/d/100 sfu. A positive
response indicates that during solar maximum, v�CO2 increases CO2. Above 90 km, there is also a statistically
significant positive response between latitudes 20°S and the equator. In addition, there is a statistically
significant negative response over 40°S. A negative response indicates that during solar maximum, v�CO2
decreases CO2.

Figure 3b shows the SC response of the vertical advection of CO2 (w�
CO2 hereafter) in June from 1979 to 2014.

The statistically significant responses are mostly situated above 95 km. There is a statistically significant posi-
tive response over two regions. A positive response indicates that during solar maximum, w�

CO2 increases
CO2. The first region with statistically significant positive response above 95 km is between latitudes 30°S
and 10°S, while the second region with statistically significant positive response above 95 km is between lati-
tudes 60°S and 40°S. Both regions have regression coefficients of around +1 ppm/100 sfu. The only region
with a statistically significant negative response above 95 km is over the equator. It has regression coeffi-
cients of around �1.5 ppm/100 sfu. There is a peak negative response above 95 km between latitudes
50°S and 30°S, but it is not statistically significant. A negative response indicates that during solar maximum,
w�

CO2 decreases CO2.

The statistically significant positive SC response of w�
CO2 above 95 km between latitudes 60°S and 40°S in

Figure 3b coincides with weak region. This suggests that w�
CO2 could be behind the weak region by counter-

acting the SC response of the photochemical reactions.

Apart from these advection processes, diffusion processes are also important in the transport of CO2. In the
MLT region, the most important diffusion processes are Kzz and molecular diffusion. Specifically, Kzz acts to
transport CO2 upward, while molecular diffusion acts to transport CO2 downward (Smith et al., 2011). Thus,
the Kzz tendency of CO2 (Kzz, CO2 hereafter) indicates the amount of CO2 being transported by Kzz into a given
region via upward transport. An increase in Kzz, CO2 indicates an increase in CO2 and vice versa. The molecular
diffusion tendency of CO2 (DCO2 hereafter) indicates the amount of CO2 being removed by molecular diffu-
sion into a given region via downward transport. An increase in DCO2 indicates a decrease in CO2.

Figure 3c shows the SC response of Kzz, CO2 in June from 1979 to 2014. Above 90 km, there is a statistically
significant negative response with regression coefficients of around �1 ppm/100 sfu between latitudes
50°S and 20°S, while there is a statistically significant positive response with regression coefficients of around
+1 ppm/100 sfu between latitudes 70°S and 50°S. A positive response indicates that during solar maximum,
more CO2 is transported into a region by Kzz, while the opposite holds for a negative response. Figure 3d
shows the SC response of DCO2 in June from 1979 to 2014. DCO2 has statistically significant positive responses
with regression coefficients of around +0.08 ppm/d /100sfu above 98 km between latitude 40S and the equa-
tor. There are statistically significant negative responses with regression coefficients of around�0.05 ppm/d/
100 sfu between altitudes 90 and 100 km over latitudes 80°S to 60°S.

The statistically significant positive and negative responses of Kzz, CO2 coincide with weak and strong regions,
respectively. This suggests that Kzz may also be as important as vertical advection in fully explaining the SC
response of CO2 in the MLT region. This can be checked by comparing the time scales of these transport pro-
cesses. Figure 4a shows the vertical profile of the time scales of the chemical reactions and transport pro-
cesses averaged between 65°S and 55°S. This plot helps explain the weak region. It shows that above
95 km, the transport time scales of Kzz and vertical advection are both less than 10 days. Figure 4b shows
the vertical profile of the time scales of the chemical reactions and transport processes averaged between
40°S and 20°S. This plot helps explain the strong region. It shows that above 90 km, the time scales of both
Kzz and vertical advection are less than 100 days. This work deals with the SC, which has a time scale longer
than these time scales. Therefore, these time scales support the argument that both vertical advection and
Kzz are important in the SC response of lower thermospheric CO2.

3.3. Solar Cycle Response of Austral Winter MLT Dynamics

It has now been shown that the SC responses of CO2 in June require both photochemistry and transport.
Specifically, transport by Kzz and vertical advection are both important in driving the SC response of CO2.
However, an analysis of the transport tendency terms only determines whether a given transport term is
important. In this section, we look into the causes of the SC response of the transport terms.
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Figure 5a shows the SC response of SD-WACCM v* and w* in June from 1979 to 2014 as wind vectors. The v*

and w* used for these plots are their regression coefficients with the F10.7 index. Strictly speaking, regression
coefficients are not vectors. However, this vector plot was compared with a contour plot of the actual regres-
sion coefficients, and they were consistent. Thus, to save figure space, this work presents the regression coef-
ficients as wind vectors. This is overplotted by the SC response of CO2 in June between altitudes 80 and
100 km. The plot shows that above 95 km, weak region coincides with a region wherein the residual circula-
tion has statistically significant enhanced upwelling during solar maximum. However, strong region coincides
with a region, wherein the residual circulation does not have any statistically significant SC response.

Below 80 km, the residual circulation exhibits a statistically significant poleward and downward circulation
during solar maximum. The downwelling occurs between altitudes 60 and 80 km over latitudes 50°S to
40°S. This SC response in the mesospheric residual circulation is consistent with the suggested SC response
of the residual circulation in WACCM4 and Extended Canadian Middle Atmosphere Model (Cullens et al.,
2016; Gan et al., 2017). This work adds to our knowledge by showing how recently suggested SC response
of the mesospheric residual circulation occurs simultaneously with the suggested SC response of the lower
thermospheric residual circulation.

Figure 5b shows the SC response of SD-WACCM Kzz in June from 1979 to 2014. Above 95 km, there is a
statistically significant SC response in Kzz with regression coefficients of around �15 m2/s/100 sfu between
latitudes 40°S and 20°S. This indicates that during solar maximum, Kzz is reduced. Meanwhile, also above
95 km, there is a statistically significant positive SC response in Kzz with regression coefficients of around
+10 m2/s/100 sfu between latitudes 70°S and 40°S. This indicates that during solar maximum, Kzz is increased
in this region. These regions of positive and negative SC responses in Kzz coincide with weak and strong
regions, respectively. Figures 5a and 5b therefore show that enhanced upwelling and increased Kzz during
solar maximum contribute to the weak region while only decreased Kzz during solar maximum contributes
to the strong region.

It has now been clear that the SC response of MLT CO2 in the MLT region is influenced by the SC responses of
the residual circulation and Kzz. We now complete the picture by explaining these SC changes in the residual
circulation and Kzz. This is done by looking into the SC responses of wave-mean flow dynamics. Specifically,
we present the SC response of zonal wind and gravity wave drag.
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Figure 4. (a) CO2 time scales (in days) averaged between latitudes 65°S and 55°S as a function of altitude. (b) CO2 time
scales (in days) averaged between latitudes 40°S and 20°S as a function of altitude. Figure legend indicates chemical
reaction or transport process.
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Figure 5c shows the SC response of SD-WACCM zonal-mean zonal wind (U) in June from 1979 to 2014.
Below 80 km, there is a statistically significant positive SC response with regression coefficients of around
+6 m/s/100 sfu between 40°S and 20°S. A positive SC response in U indicates that during solar maximum,
westerly zonal winds are getting stronger while easterly zonal winds are getting weaker. Then there is a sta-
tistically significant negative SC response with regression coefficients of around �5 m/s/100 sfu between
60°S and 40°S. A negative SC response in U indicates that during solar maximum, westerly zonal winds
are getting weaker while easterly zonal winds are getting stronger. Kodera and Kuroda (2002) explained that
the positive SC response of U below 80 km in early winter is due to an increase in the temperature gradient,
while the negative SC response is due to the poleward refraction of planetary waves. From 80 to 100 km,
there is a negative response with regression coefficients of around �7 m/s/100 sfu between 40°S and
20°S, while there is a positive response with regression coefficients of around +3 m/s/100 sfu between
60°S and 40°S. The positive response in U below 80 km along with the Coriolis force has been shown to
explain the net poleward and downward residual circulation SC response in this region (Cullens et al.,
2016; Gan et al., 2017).

Figure 5d shows the SC response of SD-WACCMgravity wave drag that is due to specified gravity waves (F
!

gw)
in June from 1979 to 2014. Above 70 km, there are negative responses with regression coefficients of
around �0.5e�4 m/s2/100 sfu between 40°S and 20°S. This indicates that during solar maximum, there is
an increase in easterly gravity wave drag. However, the only statistically significant regions are between 80
and 90 km over 30°S to 20°S. There are also positive responses with regression coefficients of around
+0.5e�4 m/s2/100 sfu between 60°S and 40°S. This indicates that during solar maximum, there is an increase
in westerly gravity wave drag. The only statistically significant regions are above 90 km. While there are mini-

mal regions of statistical significance, Figures 5c and 5d show that these SC responses in F
!

gw could clearly
explain the SC responses in U. Regions where there is an increase in westerly gravity wave drag in solar
maximum coincide with a westerly zonal-wind anomaly. Also, regions where there is an increase in easterly
gravity wave drag also coincide with an easterly zonal-wind anomaly.
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Figure 5. Regression coefficients for F10.7 index as a function of altitude and latitude. (a) Coefficients for F10.7 for the mul-
tiple linear regression (MLR) fitting of Specified Dynamics-Whole Atmosphere Community Climate Model CO2 residual
as filled contour. Overplotted is the residual circulation wind vectors. Meridional wind ranges between �0.5 and 0.5 m/s,
while vertical wind ranges between�2 and 2 m/s. Vertical wind though is multiplied by 100 in the plots. (b) Coefficients for
F10.7 for the MLR fitting of the eddy diffusion coefficients. (c) Coefficients for F10.7 for the MLR fitting of zonal wind.
(d) Coefficients for F10.7 for the MLR fitting of gravity wave drag multiplied by 1,000. The unit of subplots a and b is
m/s/100 sfu. The unit of subplot c is m2/s/100 sfu. For subplot a, refer to Figure 2a for clearer look at statistically significant
regions. For subplots b to d, the white lines denote regions that are statistically significant for p-value >90%.
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To confirm and assess these regression coefficients, Figures 6a and 6b show the time series of CO2 and w* in
June from 1979 to 2014 over the weak and strong regions, respectively while Figures 6c and 6d show the time
series of CO2 and Kzz in June from 1979 to 2014 also over the weak and strong regions. Only the temporal
mean was removed from the time series. The correlation coefficients (r) are also given. Recall that Figure 2
b has already shown how well anticorrelated these time series of CO2 are with the F10.7 index. Figures 6a
and 6b show that w* is correlated with CO2 over the strong region with a correlation coefficient of 0.48 that
is statistically significant at p-value less than 0.05. Figures 6c and 6d show that Kzz is also only correlated with
CO2 over the strong region with a correlation coefficient of 0.74 that is statistically significant. However, even
if the correlation coefficient between Kzz and CO2 over the weak region is only�0.26 and not statistically sig-
nificant at p-value less than 0.05, the time series does show significant enhancements in Kzz only during solar
maximum years. w* also shows similar enhancements during solar maximum years, but these enhancements
are also present in solar minimum years. This makes it doubtful whether these enhancements are indeed due
to the SC.

For the weak region, these correlations suggest that during solar minimum, the weak region is solely con-
trolled by the photodissociation reactions of CO2. On the other hand, during solar maximum, there is a com-
petition between photodissociation reactions and Kzz; that is, while photodissociation reactions are acting to
reduce CO2, Kzz is acting to enhance CO2. For the strong region, these correlation coefficients add further sup-
port to the regression coefficients showing that the strong region also requires Kzz but disagrees with the
regression coefficients that the strong region may not at all require vertical advection.

The correlation coefficients involving CO2, w
*, and Kzz helped to better assess the MLR coefficients of these

parameters. To also confirm and assess the MLR coefficients in U and F
!

gw , Figures 7a and 7b show the time

series of CO2 and U in June from 1979 to 2014 also over the weak and strong regions. The correlation coeffi-
cients of CO2 and U over the weak and strong regions are �0.41 and 0.74, respectively, and are both statis-

tically significant for p-value less than 0.05. Figures 7c and 7d also show the time series of CO2 and F
!

gw in

June from 1979 to 2014 over the weak and strong regions. The correlation coefficient of CO2 and F
!

gw over
the weak region is �0.31 and is not statistically significant, while their correlation coefficients over the
strong region is 0.65 and is statistically significant (p-value less than 0.05). Similar to Figures 6a and 6c,
Figures 7a and 7c also show significant responses during solar maximum, while there are no clear responses

during solar minimum; that is, during solar maximum, there is a westerly anomaly in both U and F
!

gw , while
during solar minimum, there is no clear response. This is not easy to capture using an MLR. On the other
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Figure 6. (a) Time series of Specified Dynamics-Whole Atmosphere Community Climate Model (SD-WACCM) CO2 and w*

averaged between altitudes 95 and 100 km and between latitudes 65°S and 55°S. (b) Time series of SD-WACCM CO2
and w* averaged between altitudes 95 and 100 km and between latitudes 40°S and 20°S. (c) Time series of SD-WACCM
CO2 and Kzz averaged between altitudes 95 and 100 km and between latitudes 65°S and 55°S. (d) Time series of SD-
WACCM CO2 and Kzz averaged between altitudes 95 and 100 km and between latitudes 40°S and 20°S. Each subplot
includes the correlation coefficient.
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hand, Figures 7b and 7d show that there are significant responses in U and F
!

gw during solar maximum and
solar minimum; that is, during solar maximum, both have an easterly anomaly while during solar minimum
and both have a westerly anomaly.

Liu et al. (2017) recently showed that SABER observes an SC response in midlatitude annual mean gravity
wave potential energy that is negative. Our work adds that there is also a negative SC response in gravity
wave breaking and mixing between 40°S and 20°S, represented as eddy diffusion, during Austral winter.
On the other hand, Jacobi (2014) showed a positive SC response in gravity wave flux over latitude 50 N during
winter using ground-based observations. Our work also shows that there is a positive SC response in high-
latitude gravity wave amount between 65°S and 55°S. They also used MLR to determine the SC response
on their wind observations. Our work does also show a positive SC response in eddy diffusion over 50 N
through an MLR. However, our time series better characterized the SC response in eddy diffusion; that is,
there is an enhancement during solar maximum, but there is no clear response in solar minimum.

4. Discussion

Our work reports that these SC responses in U below 80 km also affect lower thermospheric CO2 by modify-

ing the lower thermospheric residual circulation and Kzz. Over Austral winter, the climatological U is westerly
below 80 km, and it is easterly above 80 km as a result of gravity wave filtering (Andrews et al., 1987). A

recent addition is that above 95 km, the climatological U in Austral winter is westerly (Qian et al., 2017;
Smith et al., 2011). Similar to Cullens et al. (2016) and Gan et al. (2017), our results in Figure 5c show that

during solar maximum, U below 80 km is enhanced. This drives a poleward and downward residual circula-

tion anomaly between 50 and 80 km over the midlatitudes. The SC response of Kzz and F
!

gw in Figures 5b and

5d suggests that above 80 km, the enhancement inU below 80 km blocks more westerly gravity waves from

propagating upward, which induces a net easterly anomaly in F
!

gw and a reduction in Kzz. This reduction in

Kzz was shown to contribute to the negative SC response of CO2. In addition, blocking more westerly gravity

waves induces an easterly anomaly inU between 80 and 100 km. Above 95 km, the climatological mean ofU

in Austral winter is westerly. This westerly U is part of the winter-to-summer lower thermospheric residual
circulation, wherein upwelling occurs over the Austral winter lower thermosphere. Our results suggest that
the easterly anomaly in the region during solar maximum weakened the upwelling which caused a net
downwelling in the region. This net downwelling in the region was also shown to contribute to the negative
SC response of CO2.
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Figure 7. (a) Time series of Specified Dynamics-Whole Atmosphere Community Climate Model (SD-WACCM) CO2 and U
averaged between altitudes 95 and 100 km and between latitudes 65°S and 55°S. (b) Time series of SD-WACCM CO2
and U averaged between altitudes 95 and 100 km and between latitudes 40°S and 20°S. (c) Time series of SD-WACCM CO2
and F

!
gw averaged between altitudes 95 and 100 km and between latitudes 65°S and 55°S. (d) Time series of SD-WACCM

CO2 and F
!

gw averaged between altitudes 95 and 100 km and between latitudes 40°S and 20°S. Each subplot includes
the correlation coefficient.
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On the other hand, there is an easterly anomaly inUbelow 80 km over 60°S to 50°S shown in Figure 5c. This is
consistent with Kodera and Kuroda (2002), Cullens et al. (2016), and Gan et al. (2017) where they additionally

showed that this easterlyUanomaly is due to anomalies in planetary wave propagation. This easterly anomaly
should weaken the mesospheric easterly winter jet, which should allow more westerly gravity waves to pro-
pagate. Figures 7a and 7c clarify though that there is only a clear response above 80 km during solar maxi-

mum; that is, during solar maximum, both U and F
!

gw do show a westerly anomaly. There is no clear
response during solar minimum. In addition, Figure 6c shows that this westerly anomaly coincides with an

enhancement in Kzz. This supports the argument that the easterly anomaly in U below 80 km allows more
westerly gravity waves to propagate above 80 km because an increase in westerly gravity waves will also
induce an increase in Kzz. Our results showed that this enhancement in Kzz coincides with the weak region.
This appears to suggest that during solar maximum, while photodissociation is acting to reduce CO2, Kzz
enhances CO2.

Kodera and Kuroda (2002) actually showed that a negative anomaly in U during solar maximum occurs in

middle to late winter. They showed that in early winter, U only exhibits a positive anomaly during solar

maximum as a result of enhanced latitudinal gradient in temperature. The negative anomaly inUduring solar
maximum is a result of the eventual response of the planetary waves that begin to develop in mid to late

winter. Our results show the simultaneous presence of a positive and negative anomaly in U because of
our use of a bimonthly mean.

Lee et al. (2018) recently showed carbon monoxide increase during solar maximum, as observed by the Aura
Microwave Limb Sounder and by WACCM 3.5 simulations. Their work showed how the residual circulation
and photochemistry can drive the SC variation of CO over the winter hemisphere. Photolysis of CO2 above
~95 km enhances the CO production during solar maximum when more UV is present for photochemistry.
At the same time, this process can induce reduction of the CO2 amount during solar maximum period.
They noted though that the dynamics in the model may need to be improved to better match with observa-
tions. Peck et al. (2015) did show that themore recent WACCM4 version simulates the dynamics in the middle
atmosphere better. They showed that this is indeed important in an improved modeling of the SC response
of chemically active species in the middle atmosphere. Our work supports these suggestions that dynamics
are indeed important in fully modeling the SC responses of both chemically active and chemically inert spe-
cies in themiddle atmosphere. Along with recent works by Cullens et al. (2016) and Gan et al. (2017), our work
adds that there could be an SC response in dynamics that also contributes to the SC response in
these species.

This is the first work to show and analyze the SC responses of lower thermospheric CO2 in relation to the SC
responses of the residual circulation and Kzz in the MLT region. Our confidence in these results are first hinged
on how well SD-WACCM captured the general features of the SC responses of CO2 as observed by SABER,
respectively, as shown in Figures 1a and 1b. Our results are also hinged on previous works showing how well
SD-WACCMmodels similarly complicated phenomenon in the MLT region (Chandran et al., 2014; Limpasuvan
et al., 2016). Extensive global observations on the structure of the MLT region have only recently been done.
Thus, long-term observations encompassing multiple SCs are still lacking. On the other hand, there are
already a considerable amount of long-term observations in winds and temperature up to around 50 km.
This has enabled numerical experiments with models that involve constraining the lower boundaries of these
models with observations and then predicting the responses above. For example, Chandran et al. (2014) and
Limpasuvan et al. (2016) have already shown that SD-WACCM can satisfactorily model the MLT response to
sudden stratospheric warmings. This work provides the first prediction on the SC response of the lower ther-
mospheric CO2 during Austral winter.

5. Summary and Conclusions

This work utilized 13 years of SABER CO2 data from 2002 to 2015 and 35 years of SD-WACCM model outputs
from 1979 to 2014 to determine and analyze the SC response of zonal-mean CO2 in the MLT region. MLR is
used to calculate the SC response of all the parameters in this work. Correlation analysis is then done to
further assess whether the MLR coefficients are indeed suggesting an apparent SC response. Results first
show that SD-WACCM does reproduce the general characteristics of the SC response of SABER CO2 in June
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from 2002 to 2015. Both SD-WACCM and SABER CO2 show that the overall SC response of CO2 in the MLT
region is negative; that is, during solar maximum, there is a decrease in CO2. They also both show peak SC
response in the tropical lower thermosphere and a general weakening of the negative SC response
with increasing latitude and decreasing altitude. This gave us confidence in utilizing the full length of
SD-WACCM outputs for a more in-depth analysis of the SC response of CO2 in June.

Specified Dynamics-Whole Atmosphere Community Climate Model CO2 in June from 1979 to 2014 shows
stronger SC responses in the lower thermosphere above 95 km than in the mesosphere. This work focused
on two regions. The first region called strong region is above 95 km between latitudes 40°S and 20°S where
there are peak regression coefficients of at least �10 ppm/100 sfu. The second region called weak region is
the region above 95 km and between 65°S and 55°S where the lowest regression coefficients of around
�5 ppm/100 sfu occur. A chemical tendency analysis using the continuity equation was then done to
calculate the relative contributions of the photodissociation reactions, residual circulation, Kzz, and molecular

diffusion to these SC responses. Finally, the residual circulation velocities, Kzz coefficients, U, and F
!

gw were

shown to fully explain how wave mean-flow dynamics contribute to the SC response of CO2 in June.

It was shown that the SC response in the weak region is due to a competition between photodissociation
reactions and Kzz. During solar maximum, while photodissociation is acting to reduce CO2, Kzz is acting to
enhance it. On the other hand, the SC response in the strong region requires photodissociation reactions,
vertical advection, and Kzz.

It was then shown that these SC responses in the photodissociation reactions, vertical advection, and Kzz are

due to the SC response of the MLT dynamics. Specifically, it was shown that the SC response ofUbelow 80 km
is a westerly anomaly over latitudes 50°S and 40°S. Above 80 km, there is an easterly anomaly between 50°S

and 40°S. There is also a decrease in Kzz and a net easterly anomaly in F
!

gw. The SC response ofU, Kzz, and F
!

gw

suggests that during solar maximum, the easterly anomaly above 80 km is a result of reduced westerly gravity

waves due to the enhanced westerly U below 80 km. The decrease in Kzz was then shown to cause an addi-
tional forcing on the SC response of CO2 in the strong region. In addition, it was also shown that the reduced
westerly gravity waves above 80 km have an effect on the winter-to-summer lower thermospheric circula-
tion. Westerly gravity waves are required to maintain an upwelling over the winter hemisphere. A reduction
in westerly gravity waves induced a net downwelling as exhibited in the vertical velocity.

Meanwhile, the SC response of U below 80 km between 65°S and 55°S is an easterly anomaly. Above this,
there is a westerly anomaly. It was shown that this westerly anomaly above 80 km between 65°S and 55°S
is due to an increase in westerly gravity waves. This increase in westerly gravity waves induced an enhance-
ment in Kzz, which is then shown to counteract the photodissociation reactions of CO2. This work therefore
concludes that the SC affects lower thermospheric CO2 in Austral winter via modifications to the lower ther-
mospheric circulation and eddy diffusion processes.
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