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Abstract We conducted global simulations of temperature change due to anthropogenic trace gas
emissions, which extended from the surface, through the thermosphere and ionosphere, to the exobase.
These simulations were done under solar maximum conditions, in order to compare the effect of the solar
cycle on global change to previous work using solar minimum conditions. The Whole Atmosphere
Community Climate Model‐eXtended was employed in this study. As in previous work, lower atmosphere
warming, due to increasing anthropogenic gases, is accompanied by upper atmosphere cooling, starting in
the lower stratosphere, and becoming dramatic, almost 2 K per decade for the global mean annual mean,
in the thermosphere. This thermospheric cooling, and consequent reduction in density, is less than the
almost 3 K per decade for solar minimum conditions calculated in previous simulations. This dependence of
global change on solar activity conditions is due to solar‐driven increases in radiationally active gases
other than carbon dioxide, such as nitric oxide. An ancillary result of these and previous simulations is an
estimate of the solar cycle effect on temperatures as a function of altitude. These simulations used modest,
five‐member, ensembles, and measured sea surface temperatures rather than a fully coupled ocean
model, so any solar cycle effects were not statistically significant in the lower troposphere. Temperature
change from solar minimum to maximum increased from near zero at the tropopause to about 1 K at the
stratopause, to approximately 500 K in the upper thermosphere, commensurate with the empirical evidence,
and previous numerical models.

Plain Language Summary We conducted global simulations of temperature change due to
emissions of trace gases due to human activity, which extended from the surface, throughout the
atmosphere, to space. These simulations were done under conditions of high solar activity, in order to
compare the effect of the solar cycle to previous work using low solar activity. The Whole Atmosphere
Community Climate Model‐eXtended was employed. As in previous work, lower atmosphere warming, due
to increasing emissions of greenhouse gases, is accompanied by upper atmosphere cooling, starting in the
lower stratosphere, and becoming dramatic, almost 2 K per decade on average, above 100‐km altitude. This
upper atmosphere cooling, and consequent reduction in density, is less than the almost 3 K per decade for
low solar activity conditions calculated in previous simulations. The dependence of global change on
solar activity is due to solar‐driven increases in other gases that cool the thermosphere, so greenhouse gases
such as carbon dioxide have less effect. An ancillary result is an estimate of the solar cycle effect on
temperatures as a function of altitude, which increased from near zero at about 15 km to approximately 500
K at about 400 km, commensurate with previous work.

1. Introduction

The greenhouse effect warms the lower atmosphere, surface, and oceans due to the absorption and trap-
ping of infrared radiation by atmospheric trace gases, including carbon dioxide (CO2), water vapor
(H2O), methane (CH4), and ozone (O3). Some of these, particularly CO2 and CH4, have increased during
the past century as the result of human activity, causing surface and tropospheric temperatures to rise by
~1 K globally. Increases in these same gases, especially CO2, have paradoxically caused the upper atmo-
sphere to cool. This is because as the atmosphere becomes transparent to infrared radiation with increas-
ing altitude, energy from collisional excitation followed by infrared emission is able to escape to space.
Theory and modeling of this phenomenon (e.g., Akmaev, 2012; Akmaev et al., 2006; Akmaev &
Fomichev, 2000; Brasseur & Hitchman, 1988; Dickinson, 1984; Fels et al., 1980; Fomichev et al., 2007;
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Garcia et al., 2007; Lübken et al., 2013; Qian et al., 2006, 2013, 2014; Roble & Dickinson, 1989; Solomon
et al., 2015; Solomon, Liu, et al., 2018) have established the mechanisms and global effects throughout
the stratosphere‐mesosphere‐thermosphere‐ionosphere and led to some convergence with observational
evidence; see the reviews by, for example, Beig et al., 2003; Laštovička, 2017; Laštovička et al., 2006,
2012; Qian et al., 2011, and references within. One effect of this cooling is to cause the atmosphere to
contract as its scale height decreases, so that it is lower in density at a constant altitude. This effect is
small below the stratopause but becomes large in the mesosphere and especially in the thermosphere.
Thus, the decrease in temperature, and thus density, is discoverable by observing long‐term trends in
the orbital elements of near‐Earth satellites, which are affected by atmospheric drag that is systematically
decreasing over time (Emmert, 2015; Emmert et al., 2004, 2008; Keating et al., 2000; Marcos et al., 2005;
Saunders et al., 2011).

These gradual changes are superimposed on variation due to solar activity in all of its forms. The amplitude
of the solar‐driven variation increases with altitude, culminating in the upper thermosphere with factor‐of‐2
variation in temperature and order‐of‐magnitude variation in density (e.g., Qian & Solomon, 2012). Just as
interannual variation and anthropogenic change makes it almost impossible to discern the very weak signal
of solar variability effects at the surface, the solar, geomagnetic, and seasonal variation of the thermosphere
make it difficult to observationally quantify the slow cooling due to increasing levels of greenhouse gases.
From the modeling perspective, the task is simplified by our ability to switch on and off the variability of var-
ious boundary conditions and perform analysis of model forcing terms. Observational analysis has no such
luxury, as it is required to deal with the single instance of objective reality as it presents itself to our
limited instrumentation.

We have now performed new model runs simulating global change throughout the atmosphere, using the
Whole Atmosphere Community Climate Model‐eXtended, similar to previous ones (Solomon, Liu, et al.,
2018), but under solar maximum conditions instead of solar minimum. This enables us to further explore
the extent to which anthropogenic change in the upper atmosphere is modulated by solar activity. This inte-
grated approach, with a single model, advances earlier work using different models for different regions. An
ancillary result is an estimate of the solar cycle effect throughout the atmosphere.

2. Model Simulations
2.1. Model Overview

The Community Atmosphere Model (CAM) is the atmospheric component of the NCAR Community
Earth System Model (CESM; Hurrell et al., 2013). Its extension, the Whole Atmosphere Community
Climate Model (WACCM), uses the same column physics and the same dynamical core and can be
coupled to ocean, land, and ice models in the same way, but it extends to 140‐km altitude. However, since
it does not consider major species diffusion or independent ion transport and is subject to the influence of
its empirical upper boundary condition down to ~120 km, it cannot be reliably used above that altitude.
Therefore, WACCM‐eXtended has been developed in order to calculate the global neutral winds, tem-
peratures, densities, and composition, ion drifts, density, and composition, ion and electron temperatures,
and electric potential, from the surface to the exobase. The model uses a hydrostatic log‐pressure coordi-
nate system and extends above ~600 km in altitude (depending on solar activity). WACCM‐X v. 2.0 uses a
horizontal grid that is 1.9° × 2.5° in latitude and longitude and 0.25 scale height vertical resolution above
1 hPa.

WACCM‐X v. 2.0 is based on CAM4 and WACCM4 physics and chemistry (Marsh et al., 2013; Neale et al.,
2013), as released in CESM v. 1.0. The simulations shown here were conducted using internal version num-
ber 5.4.166, which, for WACCM‐X, is functionally the same as v. 5.4.99, which was used in recent work
(Solomon, Liu, et al., 2018). For descriptions of the original formulation of WACCM and WACCM‐X, and
further discussion of chemistry, radiative transfer, and other forcings such as volcanic aerosols, see Marsh
et al. (2007, 2013) and Liu et al. (2010). Radiative cooling mechanisms in the thermosphere include CO2,
NO collisional excitation, and O(3P) fine structure emission. Recent developments, resulting in the release
of WACCM‐X v. 2.0 as an extended element of CESM v. 2.0, include high‐altitude adaptations to the dyna-
mical core, interactive ionospheric electrodynamics and transport, and metastable ion chemistry, which are
described in Liu et al. (2018).
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2.2. Global Change Simulations

The model simulations were performed using WACCM‐X v. 2.0 in free‐running climate mode, which allows
the model to generate its own internal variability due to weather, but are not specifically representative of a
particular day. Previous work (Solomon, Liu, et al., 2018) simulated solar minimum conditions, so that solar
and geomagnetic variations were controlled and climate change could be isolated. This work uses the same
approach, but instead of a solar spectrum representative of solar minimum, with solar 10.7‐cm radio flux
(F10.7) index of 70, and geomagnetic conditions represented by a planetary amplitude Kp= 0.3, we employed
a solar spectrum and geomagnetic conditions representative of solar maximum (F10.7 = 200 and Kp = 3.0).
We conducted 5‐year simulations for the years 1972–1976, and 2001–2005, which serves as a small ensemble
of similar years, in order to evaluate how interannual variability affects the results and to enable the calcula-
tion of ensemble means. The model was spun up for a year under solar minimum conditions for each epoch,
and then for another 3 months under solar maximum conditions, before the start of the study interval, in
order to equilibrate the atmospheric response. An empirical stratospheric quasi‐biennial oscillation and
observed sea surface temperatures (Huang et al., 2015, 2017) were imposed. Lower boundary conditions spe-
cifying time‐dependent trace gas inputs were the same as the standard reference case employed in the
Chemistry Climate Model Initiative (Eyring et al., 2013). Figure 1 shows the altitude dependence of the
key trace constituents CO2, CH4, H2O, and O3, averaged over each of the two ensembles. CO2 and CH4

are different because the lower boundary condition changed; H2O changes (very slightly) in response to
the internal chemistry and dynamics of the model, and O3 decreases because of increased chlorofluorocar-
bon (CFC) fluxes at the lower boundary. Note that this interval was chosen in part because it roughly corre-
sponds to the most rapid period of O3 depletion; around the year 2000, global mean column O3 leveled off,
presumably due to decreased CFC emissions.

Annual mean global fields of temperatures, densities, and heights were averaged from the monthly mean
model output, zonal mean annual means were then derived, and 5‐year zonal means were averaged from
the individual years. Zonal mean temperature differences between the two epochs are shown in Figure 2.

Global means of the annual means, and then ensemble averages, were obtained from the zonal means using
a cos (lat) weighting function. Global mean profiles, temperature changes, and density changes are shown in
Figure 3. Figures 3a and 3b show temperature and density profiles versus the globalmean geometric altitude.

Figure 1. Global mean annual mean altitude profiles of anthropogenic gases for the two epochs. Blue: 1974. Red: 2003. (a)
CO2 volume mixing ratio (ppmv). (b) Methane volume mixing ratio (ppmv). (c) Ozone volume mixing ratio (ppmv). (d)
Water vapor volume mixing ratio (ppmv).
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Figure 2. Model calculations of the zonal mean annual mean changes in temperature under high solar activity conditions,
as a function of latitude and pressure, for the 29‐year simulation period between 5‐year ensembles (1972–1976 to 2001–
2005). Negative contours, ranging from −9 to −1 K, with a 1‐K interval, are shown in white; positive contours, at +1 and
+2 K, are shown in red. The zero‐change line is shown in black.

Figure 3. Model calculations of the global mean annual mean changes, under high solar activity conditions, over the 29‐
year period between 5‐year ensembles (1972–1976 to 2001–2005), with CO2 levels at the surface increasing from 330 to 373
ppmv. Note that the quantities shown in panels a, b, and d are calculated in actual altitude coordinates, but the tem-
perature changes shown in panel c are calculated in pressure coordinates, and then referenced to the altitudes for those
pressures in the 1972–1976 ensemble. (a) Temperature profiles as a function of altitude. Blue: 1972–1976 (T1). Red:
2001–2005 (T2). (b) Neutral mass density as a function of altitude. Blue: 1972–1976 (n1). Red: 2001–2005 (n2). (c)
Temperature change as a function of altitude, T2‐T1. Solid line: solar maximum conditions. Dashed line: solar minimum
conditions (from Solomon, Liu, et al., 2018). (d) Neutral number density percent change as a function of altitude,
100(n2‐n1)/n1. Solid line: solar maximum conditions. Dashed line: solar minimum conditions.
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Figure 3c plots global mean temperature differences between the two epochs. The vertical coordinate in this
panel is actually pressure but referenced to the 1972–1976 pressure surface mean altitude. For Figure 3d,
density change is calculated at fixed altitude, with the results for 2001–2005 interpolated to the 1972–1976
altitude grid. The temperature and density changes at solar minimum, from Solomon, Liu, et al. (2018),
are also plotted in Figures 3c and 3d (dashed lines), for comparison. Temperature and density changes at
important altitude levels are shown in Table 1, converted into degrees Kelvin per decade.

There is considerable interannual variation in temperature throughout the atmosphere, as shown in
Figure 4, which is the reason that multiyear model (or observational) ensembles are necessary to discern glo-
bal change. Global mean annual mean temperature profiles, differenced relative to the 1972–1976 ensemble
mean on pressure surfaces, are plotted against the 1972–1972 ensemble mean altitudes. Note that the model
variance at the surface (and probably throughout the troposphere) is influenced by the use of observed sea
surface temperatures but is nevertheless realistic. The year‐to‐year variation is largest, on a percentage basis,
in the upper mesosphere, but is also noticeable in the thermosphere. We reiterate that these simulations use

Table 1
Model Inputs and Key Results for High Solar Activity

Inputs 1972–1976 2001–2005 Change per decade

<CO2> at surface 330 ppmv 375 ppmv +16 ppmv
<CH4> at surface 1.44 ppmv 1.74 ppmv +0.10 ppmv
<CFC11 + CFC12> at surface 0.29 ppbv 0.79 ppbv +0.17 ppbv
F10.7 index 200 200 0
Kp index 3.0 3.0 0

Results 1972–1976 2001–2005 Change per decade
<T> at surface 287.8 K 288.4 K +0.2 K
<T> at 10 km (266 hPa) 225.8 K 226.9 K +0.4 K
<T> at tropopause 204.2 K 204.5 K +0.1 K
<T> at stratopause 263.7 K 260.4 K −1.1 K
<T> at mesopause 196.7 K 194.4 K −0.8 K
<T> at 400 km 1,201.6 K 1,206.8 K −1.8 K
<ρ> at 400 km (mass density) 7.23 ng/m3 6.87 ng/m3

−1.7%
<NmF2> (peak ion density) 8.90 × 105 cm−3 8.62 × 105 cm−3

−1.2%
<hmF2> (height of peak) 329 km 326 km −1.0 km
<Ti> at hmF2 (ion temperature) 1,208.1 K 1,201.0 K −2.8 K

Figure 4. Interannual variability of global mean annual mean temperatures under constant high solar activity conditions.
Temperature difference from mean of 1972 to 1976 simulations, as labeled.
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solar and geomagnetic inputs that are artificially held constant, so that we can focus on the anthropogenic
effects.

3. Discussion
3.1. Anthropogenic Changes

Below the mesopause, these results for solar maximum are similar to those of Solomon, Liu, et al. (2018) for
solar minimum. This is as expected, since the primary gases controlling cooling and heating rates are weakly
dependent on solar activity in that altitude region. Therefore, the comparisons to other modeling and obser-
vational work given in Solomon, Liu, et al. (2018) apply equally here. Near the mesopause itself, where the
solar cycle variations in temperature become larger than trends introduced by anthropogenic change (or
other forms of global change), the picture becomes somewhat complex, as long‐term observations are diffi-
cult, and interannual variability is large. She et al. (2015) found a −2.8 ± 0.6 K/decade trend near 92 km in
lidar data, significantly larger than estimated here; this is somewhat reduced in subsequent analysis by Yuan
et al. (2018) that considers the seasonal and solar cycle effects, but this is for a single location, not a global
average. For other observational work relevant to the mesosphere and mesopause, see the review by
Laštovička (2017), which substantiates the uncertainties regarding this complex atmospheric region.
Other model estimates, including Akmaev and Fomichev (2000), Fomichev et al. (2007), Garcia et al.
(2007), Lübken et al. (2013), and Qian et al. (2019) are in general agreement with the WACCM‐X simula-
tions, finding mesopause‐region trends to be fairly small.

At higher altitude, there is a far larger solar cycle effect on temperatures and densities, so the analysis
becomes challenging. The seminal work by Keating et al. (2000) analyzed satellite drag data from solar mini-
mum only, thereby hoping to remove external effects, finding ~ −5%/decade reduction in density at 400‐km
altitude. Emmert et al. (2004, 2008) found similar density trends for solar minimum conditions, but with the
trend reducing to ~ −2%/decade at higher solar activity (cf., Figure 3 of Emmert et al., 2008). An additional
analysis of satellite orbital elements by Saunders et al. (2011) only sorted the trends into minimum and
moderate‐to‐high activity levels, yielding larger trends but similar amplitude. However, Emmert (2015)
revised the earlier estimation of a solar cycle dependence on thermospheric trends, finding only that any
solar cycle dependence is weak relative to the trend uncertainties. The basis for this was that as solar and
geomagnetic activity have tended to decline over the past several cycles, it has become difficult to disentan-
gle the relative effects of increasing CO2 over the same time period. In particular, the minimum period
between solar Cycles 23 and 24 had unusually low thermosphere and ionosphere densities, driven mostly
by solar effects; see Emmert et al. (2010, 2014), Emmert, (2015), Solomon et al. (2010, 2011, 2013),
Solomon, Qian, and Mannucci (2018), and references therein, for further discussion. This may have ramifi-
cations for the original Keating et al. (2000) estimate, as there may have been some progressive reduction in
activity leading up to the Cycles 23–24 crash, although certainly not as dramatic.

From the modeling perspective, long‐term trends should have some solar cycle dependence, since thermo-
spheric cooling rates from other minor species, particularly nitric oxide (NO) but also atomic oxygen
(O(3P)), are much larger at solar maximum, unlike CO2 cooling, which has a modest solar cycle dependence.
Our past work (e.g., Qian et al., 2006, 2011, 2014; Solomon et al., 2015) found moderate temperature trend
dependence on solar activity, and these simulations are no exception, but we agree that uncertainty regard-
ing how the solar cycle is changing has an impact on observational efforts. Nevertheless, in Table 2 we pro-
vide a summary of model simulation and observational analyses of thermospheric density general
conditions, for the two broad ranges utilized by Saunders et al. (2011), near‐solar‐minimum conditions
and moderate‐to‐high activity, and also for overall average solar activity.

Trends in ionospheric parameters obtained from the model simulations results are also given in Table 1. The
ion temperature Ti is similar to the neutral temperature up to the altitude hmF2 of the peak density of the F
region NmF2, so observations of Ti by incoherent scatter radar should be a valuable way to monitor thermo-
spheric climate change. Analysis of radar observations (e.g., Zhang et al., 2011, 2016; Zhang & Holt, 2013)
has been larger than estimates based on satellite drag, as shown by Akmaev (2012), but may be influenced
by secular decline in solar activity or variation of the magnetic field (Cnossen & Richmond, 2012). Recent
work by Wang and Qian (2018) demonstrates that magnetic field evolution at the location of the
Millstone Hill radar could be responsible for the large trends in Ti observed at that location.
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Table 2
Observed and Modeled Trends in Thermospheric Density

Δ<ρ> at 400‐km altitude Low solar activity Overall average solar activity Moderate‐to‐high solar activity

Observations
Keating et al. (2000) −5%
Marcos et al. (2005) −1.7% to −2.4%
Emmert et al. (2008) −5.5 ± 1.4% −2 ± 1%
Saunders et al. (2011) −7% −4%
Emmert (2015) –2 ± 0.5%

Models
Roble and Dickinson (1989) −3%
Rishbeth and Roble (1992) −2%
Qian et al. (2006) −2.5% −1.7% −0.8%
Akmaev et al. (2006), Akmaev
and Fomichev (2000)*

−3 to −5% −3 to −5%

Solomon et al. (2015) −4.9% −2.0%
Solomon, Liu, et al. (2018) −3.9%
This Work −1.7%

*at 200‐km altitude.

Figure 5. Model calculations of the anthropogenic and solar cycle variation in global mean annual mean temperature.
Note that the temperature profiles shown in panel a are calculated in actual altitude coordinates, but the temperature
changes shown in panel (b) are actually calculated in pressure coordinates, and then referenced to the altitudes for those
pressures in the 1972–1976 ensemble. The temperature changes shown in panels (c) and (d) are also calculated in pressure
coordinates, referenced to the altitude scale for the solar minimum case for each ensemble. (a) Temperature profiles as a
function of altitude. Blue: 1972 to 1976 ensemble, solar minimum; red: 2001 to 2005 ensemble, solar minimum; cyan: 1972
to 1976 ensemble, solar maximum; magenta: 2001 to 2005 ensemble, solar maximum. (b) Temperature change between
the two epochs. Blue: solar minimum conditions; red: solar maximum conditions. (c) Temperature change with solar
activity. Black: solar max‐solar min for the 1972 to 1976 ensemble; green: solar max‐solar min for the 2001 to 2005
ensemble. (d) Same as (c) but with an expanded altitude scale to show the lower and middle atmosphere. Changes of less
than 0.2°, below ~10 km, are not considered statistically significant for these modest ensemble sizes, and also note that
lower troposphere temperatures are largely controlled by the use of measured sea surface temperatures as a lower
boundary condition.

10.1029/2019JA026678Journal of Geophysical Research: Space Physics

SOLOMON ET AL. 3805



3.2. Solar Cycle Changes

An ancillary result of this study, when combined with the simulations conducted for Solomon, Liu, et al.
(2018), is an estimate of the effect on the atmosphere of changes in solar spectral irradiance due to the 11‐
year solar cycle. In Solomon, Liu, et al. (2018), we conducted simulations using the same inputs shown in
Table 1, except with F10.7 = 70 and Kp = 0.3. Solar spectral irradiance increases with solar activity, by more
than a factor of 2 in the extreme ultraviolet, a few percent in the ultraviolet, and less than a part in a thou-
sand in the visible and infrared. Since extreme‐ultraviolet radiation is absorbed in the thermosphere, we
expect large changes in temperature. Increased geomagnetic activity during solar maximum also plays a role.
In the middle atmosphere, variability of ultraviolet radiation, and consequent changes in O3, cause small
solar‐cycle effects on temperature. In the troposphere, the solar cycle effect on global mean temperature is
uncertain, as it is much smaller than the upper atmosphere response.

In Figure 5a, we plot the global mean annual mean temperature profiles for each of the four five‐member
ensembles. In Figure 5b, the temperature change due to the different lower boundary condition for the
two epochs is displayed, similar to Figure 3c, but for both the solar maximum case and the solar minimum
case. Panels (c) and (d) of Figure 5 show the change with solar activity for each epoch. Note that the tempera-
ture profiles shown in panel (a) are calculated in geometric altitude coordinates, but the temperature change
profiles shown in panel (b) are actually calculated in pressure coordinates, and then referenced to the alti-
tudes for those pressures in the 1972–1976 ensemble. The temperature changes shown in panels (c) and
(d) are also calculated in pressure coordinates, referenced to the solar minimum altitude scale for each
ensemble. The thermospheric change seen in panel (c) is similar to empirical models (e.g., NRLMSISE‐00;
Picone et al., 2002) and previous work with numerical models (e.g., Qian & Solomon, 2012). In order to dis-
cern the much smaller middle atmosphere and lower atmosphere changes, panel (d) displays the same data
on an expanded scale. The results here are similar to those of Marsh et al. (2007) using an earlier version of
WACCM, but do show very small tropospheric changes. Increases of less than 0.2 K, below ~10 km, are not
considered to be significant for these modest ensemble sizes, and also note that lower troposphere tempera-
tures are largely controlled by the use of measured sea surface temperatures as a lower boundary condition.
The similarity between the solar cycle effects for the two epochs shows that on a global mean bases, there is
little interaction between anthropogenic and solar cycle effects in the troposphere, although there could be

Figure 6. Model calculations of the differences between temperature change at high solar activity and at low solar activity,
as a function of latitude and pressure, for the 29‐year simulation period between 5‐year ensembles, i.e., [(2001 to 2005)max
− (1972 to 1976)max] − [(2001 to 2005)min − (1972 to 1976)min]. Negative contours, with a 1‐K interval, are shown in
white; positive contours are shown in red. The zero‐difference line is shown in black. Negative (blue) regions are therefore
where the time‐dependent change is greater at solar minimum; positive (red) regions are where the time‐dependent
change is greater at solar maximum.
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some in the stratosphere and mesosphere. To explore this, we plotted zonal mean differences of differences
between the epoch changes for solar maximum and solar minimum in Figure 6. Most of the structure is
probably just due to interannual variability; for instance, there is a signature in the Northern Hemisphere
evident of variations in episodic stratospheric warmings, but considerably larger ensembles would be
necessary to say anything definitive about that.

4. Conclusion

Models and observations of anthropogenic change in the terrestrial atmosphere show that global mean
annual mean temperatures are increasing in the troposphere but decreasing throughout the upper atmo-
sphere. However, above the tropopause, there are also strong solar cycle variations that both confound the
analysis of long‐term variation and influence its magnitude. There is general agreement between observa-
tions and models of the rate of both long‐term and solar cycle temperature change as a function of altitude,
but some regions lack accurate monitoring over extended time periods, especially the lower thermosphere.

The simulations presented here find that long‐term global change in the thermosphere/ionosphere is larger
during low solar activity than during high solar activity, but this effect diminishes with decreasing altitude
and becomes negligible below the mesopause. The primary reason for this solar cycle dependence of the rate
of global change is that CO2 infrared emission dominates at solar minimum, but at solar maximum, infrared
radiation from NO and O(3P) become a larger fraction of the total radiative cooling budget, so increasing
CO2 has a smaller effect. This effect can be seen from inspection of Figure 7, where we plot global mean
annual mean altitude profiles of key gases for solar minimum and solar maximum conditions. Note that
cooling by NO is proportional to the product of NO and O, so as solar activity increases, this process is ampli-
fied. This is observationally confirmed by data from the Sounding of the Atmosphere using Broad‐band
Emission Radiometry instrument on the NASA/TIMED satellite (e.g., Mlynczak et al., 2010).

These model experiments were conducted using perpetual solar minimum and solar maximum conditions,
in order to simplify the effects of solar activity variation, especially in the thermosphere. In future work, we
will perform an extended fully transient run, with time‐dependent lower boundary and solar/geomagnetic
inputs. Simulations coupled to a dynamical ocean model will also be conducted.

Figure 7. Global mean annual mean model altitude profiles of selected radiatively active species at solar minimum and
solar maximum for the 2001 to 2005 epoch. Blue: solar minimum. Red: solar maximum. (a) CO2 volume mixing ratio
(ppmv). (b) Nitric oxide volume mixing ratio (ppmv). (c) Ozone volume mixing ratio (ppmv). (d) Atomic oxygen volume
mixing ratio (ppmv).
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Variations in solar output cause temperature changes throughout the atmosphere, but the most variable
regions of the solar spectrum, the ultraviolet, extreme‐ultraviolet, and X‐ray ranges, are absorbed well above
the tropopause. Nevertheless, the theory (e.g., Soon, 2005) that increased solar output has caused the
observed increases in temperature in the troposphere and at the surface, during the past century, still has
some popular support. That theory is refuted by the fact that the upper atmosphere is cooling. If the cooling
is caused by increases in anthropogenic emissions, it is corroborated by the observational evidence and by
these modeling studies. If it is caused by decreases in solar activity and solar irradiance, then, a fortiori,
the warming of the lower atmosphere must be caused by something else.
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