
New 3-D simulations of climate
change in the thermosphere
Stanley C. Solomon1, Liying Qian1, and Raymond G. Roble1

1National Center for Atmospheric Research, High Altitude Observatory, Boulder, Colorado, USA

Abstract Model simulations of temperature and density trends in the upper thermosphere are generally
consistent with satellite drag data, but some discrepancies remain. The most important of these is that
satellite drag analyses under solar minimum conditions have measured density change of about �5% per
decade near 400 km altitude, while model simulations of upper atmosphere cooling due to anthropogenic
increases in carbon dioxide and other trace gases have predicted about half that rate. For solar moderate
and maximum conditions, agreement is better. The rate of change is less during higher solar activity, because
higher levels of nitric oxide cooling compete with the anthropogenic cooling. However, some past modeling
studies used global meanmodels, and others attempted to scale to decadal rates from scenarios where carbon
dioxide was doubled. Both of these approaches have shortcomings. Therefore, we have performed new, fully
3-D simulations, using the National Center for Atmospheric Research thermosphere-ionosphere-mesosphere
electrodynamics general circulation model, to better quantify secular change rates at various levels of solar
activity. These simulations use a 12 year baseline (approximately one solar cycle) in order to more directly
compare with measured rates. Our new findings are in better agreement with observations for solar minimum
conditions, approximately �5% per decade at 400 km, and are also still in reasonable agreement at solar
maximum, approximately �2% per decade. This confluence of observation and simulation strengthens the
case that some of the best evidence of the impact of anthropogenic global change on the upper atmosphere is
the continued systematic decrease of thermospheric density.

1. Introduction

Measurements and model simulations of the upper atmosphere have demonstrated that anthropogenic
increases in greenhouse gases have systematically decreased the temperature of the stratosphere,
mesosphere, and thermosphere during the last several decades. The evidence is most conclusive in the
thermosphere, where decreases in neutral density and temperature inferred from observations of the
effect of atmospheric drag on satellite orbits have shown the most dramatic climate change of any
altitude region, as much as �15 K over 50 years. These measurements have largely confirmed the original
prediction by Roble and Dickinson [1989] based on 1-D global mean model simulations but have been
somewhat larger in magnitude than expected. Secular change in thermospheric density is important for
understanding the interplay of solar and atmospheric variability, and may be important in the future, as
increased levels of orbital debris cause increased hazards for space navigation, since lower density means
that the rate of removal of objects in low-Earth orbit will be slower.

Trends in the upper atmosphere have recently been reviewed by Qian et al. [2011], Laštovička et al., [2012],
and Laštovička, [2013]. The primary cause of upper atmosphere cooling is anthropogenic increase in carbon
dioxide (CO2). Because CO2 strongly absorbs and emits infrared radiation in vibrational-rotational bands,
especially the fundamental (010) bending mode at 15μm, it traps heat in the optically thick troposphere but
radiationally cools the upper atmosphere, especially above 100 km, where it is efficiently excited by collisions
with atomic oxygen. The first observation of this effect was derived from drag-induced changes in satellite
orbital parameters by Keating et al. [2000], who analyzed thermospheric density changes from one solar
minimum to the next. Emmert et al. [2004, 2008] and Marcos et al. [2005] extended this analysis to varying
levels of solar activity, with Emmert et al. confirming the Keating et al. result of a ~�5% per decade trend in
thermospheric density at 400 km under solar minimum conditions, decreasing to ~�2% per decade at
moderate-to-high solar activity. Saunders et al. [2011] found ~�7% per decade at 400 km for low solar activity
(F10.7< 90) and ~�4% per decade for moderate-to-high solar activity (F10.7> 90). The reason for the
dependence on solar activity is that nitric oxide (NO) cooling increasingly competes with CO2 cooling as solar
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and geomagnetic activity increases [Qian et al., 2006]. Although the 1-D simulations performed by Qian et al.,
using an extended and updated version of the Roble and Dickinson [1989] model, were in approximate
agreement with the various satellite drag estimates for moderate-to-high solar activity, they calculated
only a ~�2.5% per decade decrease for solar minimum, corresponding to the benchmark 400 km altitude
[cf. Akmaev and Fomichev, 2000].

Other estimates of thermospheric temperature and density change have been obtained from incoherent
scatter measurements of ion temperature changes, which should be similar to neutral temperature below
~300 km altitude. Trends of ~�4 K per decade at 200–350 km altitude have been reported [Zhang and Holt,
2013] which is a somewhat larger rate of change than those derived from satellite drag but significantly
reduced from previous work [e.g., Holt and Zhang, 2008; Zhang et al., 2011]. Still, the rates of thermospheric
temperature and density change remain controversial, since there is some possibility of differences in trends
between tropospheric and thermospheric CO2 [Emmert et al., 2012].

The magnitude of thermospheric density/temperature trends is further complicated by the possible role of
anomalously low solar and geomagnetic activity during the minimum period between solar cycles 23 and
24 [Emmert et al., 2010; Solomon et al., 2010, 2011, 2013; Saunders et al., 2011; Chen et al., 2012; Deng et al.,
2012; Emmert et al., 2014; Didkovsky and Wieman, 2014]. Since the subsequent development of solar cycle 24
has been very weak, this raises the possibility of gradual change in solar forcing, both from energetic photon
radiation and from magnetic variation that could confound attempts to quantify anthropogenic change.
There is no known reason to suspect that this was an issue prior to 2007, during the period that most of the
above analyses occurred. Nevertheless, this is a problem that increases the uncertainty on the observational
inferences of secular trends and demands careful monitoring in the future.

The primary cause of upper atmosphere cooling is increase in CO2, but changes in other greenhouse gases
also play a role, including methane (CH4), ozone (O3), and possibly water vapor (H2O). These are important
in the stratosphere and mesosphere [e.g., Garcia et al. 2007; Akmaev et al., 2006; Lübken et al., 2013] but
have little effect in the thermosphere because they are photodissociated above the mesopause. There is a
small effect on thermospheric density at constant altitude, caused by thermal contraction of the middle
atmosphere, but the temperature effect is entirely dominated by thermospheric processes above ~200 km
[Akmaev, 2012; Qian et al., 2013]. Qian et al. [2014] also presented simulations showing that CO2 changes
accounted for almost all of the thermospheric cooling at satellite orbit altitudes.

Ionospheric changes are more complex and structured than thermospheric changes and are additionally
influenced by evolution of the geomagnetic field strength and structure [Cnossen and Richmond, 2008, 2012,
2013]. Therefore, measurements from individual stations are unlikely to present unambiguous evidence with
regard to anthropogenic change, except that the heights of ionospheric layers are expected to decrease on a
global basis as the thermosphere contracts [e.g., Rishbeth and Roble, 1992; Qian et al., 2008, 2009]. There may
be small thermospheric changes consequent to geomagnetic field evolution as well, but, although these
could be important on longer time scales, they are unlikely to influence the recent decadal trends under
discussion here.

In this study, we confine the simulations to the effect of CO2 on thermospheric climate change, since this is
the dominant forcing from terrestrial sources. All other lower boundary conditions and the geomagnetic field
are held constant in the simulations shown below. This approach is similar to that of Qian et al. [2006] and
other simulations performed with a 1-D global mean model, but the 1-D methodology no longer seems
appropriate when comprehensive 3-D models are available, particularly because vertical transport and
mixing of all types are parameterized by a single eddy diffusion profile. Other recent work has used 3-D
modeling but typically for present-day versus doubled CO2 scenarios [e.g., Qian et al., 2011]. It is difficult to
scale a model result for a doubled scenario back to decadal rates, because both the rate of CO2 increase
and the atmospheric temperature response are nonlinear, so some of the discrepancies between observation
and simulation have remained unresolved. Qian et al. [2014] simulated the effect of CO2 change for a 12 year
period under solar minimum conditions, using the National Center for Atmospheric Research (NCAR)
thermosphere-ionosphere-mesosphere electrodynamics general circulation model (TIME-GCM) and
obtained better agreement with satellite drag observations. Here we extend that work to solar medium
and maximum conditions and compare model simulations to the available data on secular trends in the
thermosphere as a function of solar activity.
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2. Model Description

The NCAR TIME-GCM is a dynamical model that calculates 3-D temperature, density, wind, and electric
potential fields from the stratopause to the exobase. Major and minor neutral species composition,
electron and ion density and composition, and electron and ion temperature are also calculated [Roble
et al., 1988; Richmond et al., 1992; Roble and Ridley, 1994]. The model assumes hydrostatic equilibrium
and uses a log-pressure coordinate system, with the pressure levels defined at l = ln(P0/P), where P0 is a
reference pressure of 5 × 10�5 Pa. The pressure levels range from �17 to 7, corresponding to an altitude
range of ~30 to ~600 km, with the height of the upper boundary dependent on solar activity. Older
versions of the model had a horizontal resolution of 5° × 5° and a vertical resolution of 0.5 scale height,
but the simulations shown here use the double-resolution version, with 2.5° × 2.5° horizontal resolution
and 0.25 scale height vertical resolution. Solar ultraviolet irradiance is parameterized using proxy
models or supplied by measurements [Solomon and Qian, 2005]. Auroral particle precipitation and
an imposed magnetospheric electric field are parameterized using the geomagnetic Kp index. The
amplitudes and phases of tides from the lower atmosphere are specified by the global scale wave
model [Hagan et al., 2001], and gravity wave effects are parameterized based on the linear saturation
theory of Lindzen [1981].

The upper thermosphere is heated by solar extreme ultraviolet radiation and by magnetospheric forcing and
has difficulty shedding that heat radiationally because of the lack of heterogeneous molecules that are
radiationally active in the infrared, above ~300 km. Therefore, other than a small loss due to atomic oxygen
fine structure cooling, the heat must be conducted downward to the region below ~200 km, where CO2

and nitric oxide (NO) can radiate it away. This conduction is accelerated by larger cooling rates, through
their effect on the temperature gradient. This is the basic mechanism by which CO2 and NO control the
temperature of the upper thermosphere, despite the fact that they are not present at high altitude due to
photodissociation, chemical loss, and their relatively large molecular weights. NO is the most variable and
modulates the temperature response to geomagnetic and solar activity, but CO2 radiation accounts for the
majority of thermospheric cooling.

CO2 is vibrationally excited and deactivated by collisions, particularly with atomic oxygen, and cools the
upper atmosphere through infrared radiation at 15μm. The TIME-GCM (including its global mean version)
uses a parameterized radiative transfer algorithm for CO2 that was developed by Fomichev et al. [1998]. The
deactivation rate coefficient for collisions with atomic oxygen kq employed is 1.4 × 10�12 cm3 s�1 at 300 K,
with a very small negative temperature dependence [Khvorostovskaya et al., 2002]. NO cooling through
activation by atomic oxygen and atomic oxygen fine structure cooling are also included in the model,
calculated assuming that the resulting emissions are optically thin.

Estimates of the rate coefficient for CO2–O collisional excitation to, and deactivation from, the (010)
vibrational state have been controversial for two decades, because lab rates are generally lower than values
which the infrared observational community uses in parameter retrieval algorithms. The excitation rate k0
is of primary importance for thermospheric cooling, but the deactivation or quenching rate kq is more easily
measured and is directly related to the excitation rate by the Boltzmann expression [e.g., Pollock and Phillips,
1993; Feofilov et al., 2012]:

kO ¼ 2kq exp �hc=λkBTð Þ (1)

where hc/λ is the energy of the (15 μm) vibrational transition, kB is Boltzmann’s constant, and T is the
temperature.

Laboratory values of the deactivation rate kq at ~300 K have ranged from 1.2 × 10�12 [Pollock and Phillips,
1993] to 1.5 × 10�12 [Shved et al., 1991], with Khvorostovskaya et al. [2002] finding ~1.4 × 10�12 cm3 s�1

at and above 300 K, increasing with decreasing temperature to 1.6 × 10�12 at 200 K. Recent laboratory
measurements at 320 K [Castle et al., 2006] and over a more extended temperature range [Castle et al., 2012]
were only slightly higher, 1.8 × 10�12 at 320 K, and decreasing from 2.6 × 10�12 at 150 K to 1.4 × 10�12 at
500 K. However, the values used for atmospheric retrievals have been much higher, originating with
estimates inferred from observations of ~6 × 10�12 [Sharma and Wintersteiner, 1990] and ~3~6 × 10�12

[Lopez-Puertas et al., 1992]. The value currently used in algorithms for the TIMED/SABER instrument is
6 × 10�12 [e.g., Mlynczak et al., 2010]. Feofilov et al. [2012] performed further analysis using SABER data and
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include a more comprehensive table of rate coefficients than discussed here. The “compromise” value
suggested in the Fomichev et al. [1998] radiative transfer algorithm and parameterization is 3 × 10�12, and
this is the value currently employed in the NCAR Whole Atmosphere Community Climate Model (WACCM).

Fortunately, since kq and kO are thought to be proportional, thermospheric cooling rates are not very
sensitive to this parameter in the optically thick region below ~110 km altitude [Akmaev, 2003]. Since five
laboratory experiments from three different groups have all measured rates in the range 1.5 ± 0.3 × 10�12

near ~300K, it is hard to justify departing significantly from this. The key CO2 cooling region in the mesosphere
and lower thermosphere, from 100 to 120 km altitude, has temperatures within the 200–400 K range,
and measured temperature dependence in this range is relatively small, so it is unlikely to be a major
factor. The recent results from Castle et al. [2012] are slightly higher than previous measurements and are
perhaps not too far from the compromise value suggested by Fomichev et al. [1998] and employed in
WACCM, so perhaps we are on a convergent path. In the meantime, we will perform simulations using the
Khvorostovskaya et al. [2002] rates, and with the Fomichev et al. [1998] value, roughly doubled from our
baseline, shown for comparison.

3. Climate Change Simulations

All simulations conducted for this work used the high-resolution (2.5° × 2.5° × H/4) version of the
TIME-GCM. Two sets of runs were conducted to simulate change over a 12 year interval (approximately one
solar cycle). The first set employed a constant lower boundary CO2 level of 363 ppmv (representative of
1996), and the second set used a constant lower boundary CO2 level of 386 ppmv (representative of 2008).
The reason for the 12 year interval is to conform to the recent solar cycle length and to be compatible with
recent work [Qian et al., 2014]. In both sets, the model was run for 2 years to allow the mixing ratio to
equilibrate throughout the atmosphere. Then, for each lower boundary condition, three constant solar
activity cases were run. The solar ultraviolet irradiance was specified for the low, medium, and high activity
cases using F10.7 values of 70, 135, and 200, and the typical magnetic activity level was specified for these
cases using Kp values of 0.3, 2, and 3. Each case was then run to equilibrium for vernal equinox conditions
with constant external forcing. The only difference between the two sets of runs (for each solar activity
case) was the CO2 lower boundary condition, so these simulations are a test of the model sensitivity to
changing CO2 levels. The increase of 23 ppmv CO2 corresponds to a rate of increase of 1.9 ppmv/yr, which is
slightly higher than the 1.6 ppmv/yr observed at Mauna Loa Observatory over the period 1970–2010.
Therefore, for fair comparison with climate change data obtained over a similar period, the rate of change
implied by our results could be reduced in magnitude by ~15%.

Averaged quantities are then derived from daily output (at 0 universal time) as a function of altitude,
latitude, and longitude/solar time. Figure 1 shows the zonal mean changes in neutral temperature and
neutral density, as a function of latitude and altitude, for the solar minimum and maximum cases. The
temperature change under solar minimum conditions is larger than for the solar maximum case in an
absolute sense, and the density change is larger on a percentage basis. At the typical reference altitude of
400 km, where thermospheric temperatures approach their exospheric values, the temperatures and
densities are lower at all latitudes and under all activity conditions. There is a small latitude gradient in
the zonal mean due to the selection of 0 universal time (UT) for output, even at equinox, because of
the influence of auroral heating and nitric oxide cooling in the polar regions. The tilt and offset of the
geomagnetic poles change the location of the auroral oval, relative to solar illumination, as a function of
UT. This introduces some diurnally varying latitude dependence in heating and cooling rates and hence in
the trend results, but the effect on the global mean is negligible.

The increase in temperature from ~100 to 200 km altitude seen in the solar maximum case is due to the
subsidence of atmospheric pressure surfaces as it cools, in the presence of a strong positive temperature
gradient with altitude. A cooler, more contracted atmosphere brings the regions of higher temperature to
lower altitude, and if the temperature gradient is strong enough, this process can surpass the cooling itself. At
solar minimum, when the temperature gradient is moderate, the result is a region of nearly zero change from
~100 to 150 km; at solar maximum, when the temperature gradient is large, the temperature actually
increases from ~100 to 200 km in a geometric coordinate system. This effect is eliminated when the model
output is presented in pressure coordinates, [cf. Qian et al. 2011]. Although this seemingly paradoxical effect

Journal of Geophysical Research: Space Physics 10.1002/2014JA020886

SOLOMON ET AL. ©2015. American Geophysical Union. All Rights Reserved. 2186



is essentially a geometric mechanism, it is nevertheless a real phenomenon and needs to be considered
when comparing with observations generally conducted in altitude coordinates.

Global mean altitude profiles were also derived from the output, and changes in temperature and percent
changes in density for solar minimum and solar maximum are shown in Figure 2. The temperature change
increases with altitude until it reaches an approximately constant rate as the temperature asymptotes to
its exospheric value, while the density change increases continuously with altitude above ~150 km due
to the cumulative effect of the lower scale height. The solid lines are results using the lower rate for
kq ~ 1.5 × 10�12 cm3 s�1 [Khvorostovskaya et al., 2002], and the dashed lines used the higher rate of
kq= 3× 10�12 [Fomichev et al., 1998]. Also shown, in Figure 3, are the global mean annual average atomic
oxygen and CO2 profiles for solar minimum and maximum, due to their importance to the cooling rate.
The CO2 profiles are in reasonable agreement with other data-model comparisons [e.g., Garcia et al.,
2014]. The atomic oxygen profiles also appear to be adequate (cf. NRLMSISE00) [Picone et al., 2002],
but from 100 to 200 km, the magnitude and variability of thermospheric atomic oxygen remain
controversial.

Decadal change rates were estimated by scaling from the 12 year interval to 10 years (i.e., multiplied by 0.83).
Although we argue above that it is difficult to know how to scale from a 100 year scenario to decadal
rates, due to various nonlinear change rates, for a 12 year interval we are clearly in an almost linear regime,
so scaling to 10 years is straightforward. Table 1 shows the change rates per decade for key global mean
geophysical quantities derived from the model annual mean fields. Neutral temperature Tn at 400 km is
expressed in absolute change per decade, and density at 400 km is expressed in percentage change per
decade. Also shown are the global mean annual average change rates for key ionospheric parameters: the ion
temperature Ti at 300 km, the peak density of the F region NmF2, and its altitude HmF2. The reason that Ti is

Figure 1. Model calculations of the zonal mean changes, at vernal equinox, as a function of latitude and altitude, over
the 12 year period (nominally 1996 to 2008, with CO2 levels at the lower boundary increasing from 363 to 386 ppmv).
(a) Temperature change under low solar activity conditions. (b) Neutral density change under low solar activity
conditions. (c) Temperature change under high solar activity conditions. (d) Neutral density change under low solar
activity conditions.
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reported at 300 km is that this altitude, near HmF2, is a location where the vertical gradient of Ti is relatively
flat, avoiding geometric issues, similar to those in the lower thermosphere that are described above. These
values are repeated for a set of runs where the CO2–O collisional deactivation rate coefficient kq was
increased to 3.0 × 10�12. Doubling this rate coefficient only increases the model change rate at low solar
activity by about a third and has minimal effect at solar maximum.

Figure 2. Model calculations of the global mean equinox changes, as a function of altitude, over the 12 year period
(nominally 1996 to 2008, with CO2 levels at the lower boundary increasing from 363 to 386 ppmv). The solid lines are
results using the standard value for the CO2–O quenching rate kq = ~1.5 × 10�12, and the dotted lines are results using
an approximately doubled value kq = 3.0 × 10�12 (see text). (a) Temperature change under low solar activity conditions.
(b) Neutral density change under low solar activity conditions. (c) Temperature change under high solar activity conditions.
(d) Neutral density change under high solar activity conditions.

Figure 3. (a) Global mean CO2 mixing ratio altitude profiles for solar minimum (blue) and maximum (red) conditions. Solid
line: representative of 2008 CO2 levels. Dashed line: representative of 1996 CO2 levels. (b) Global mean atomic oxygen
number density altitude profiles for solar minimum (blue) and maximum (red) conditions. Solid line: representative of 2008
CO2 levels. Dashed line: representative of 1996 CO2 levels.
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4. Comparison to Satellite Drag Measurements

The model simulations at 400 km altitude are compared to available estimates of thermospheric density
trends derived from satellite drag observations in Figure 4, following the format of Emmert et al. [2008]. Also
shown are earlier model calculations using the global mean version of the TIME-GCM [Qian et al., 2006].
Emmert et al. [2008] reported values as a function of solar activity (as parameterized by the F10.7 index) and
provided error estimates as shown, while the analysis of Keating et al. [2000] of�5%/decade was for low solar
activity only (1974–1985–1996). Marcos et al. [2005] estimated density change over all levels of solar activity
and so are shown on this plot at F10.7 = 128, the average of the solar activity levels for their analysis. Two
values are shown, the original value from Marcos et al. of �1.7%/decade and a value of �2.3%/decade, as
corrected by Emmert et al. to remove the effect of F10.7 bias in the empirical model employed. The results of
Saunders et al. [2011] for low (F10.7< 90) and moderate-to-high (F10.7> 90) solar activity are represented as
horizontal dashed lines over those ranges.

The new results are in better agreement with the solar activity analysis of Emmert et al. [2008] and also with
the rate of change at low solar activity reported by Keating et al. [2000], while still in reasonable agreement

Table 1. Global Mean Decadal Change Rates From Model Runs

Solar Activity (F10.7; Kp) Δ Tn(400) (K) Δ ρ400 (%) Δ Ti(300) (K) Δ NmF2 (%) Δ HmF2 (km)

kq ~ 1.5 × 10�12

70; 0.3 �3.5 �4.9 �2.3 �1.1 �1.6
135; 2 �2.2 �2.6 �1.5 �1.0 �1.0
200; 3 �1.7 �1.8 �1.0 �0.7 �0.8

kq = 3.0 × 10�12

70; 0.3 �4.9 �6.8 �2.9 �1.5 �1.9
135; 2 �3.4 �3.3 �2.3 �1.2 �1.4
200; 3 �2.4 �2.1 �1.6 �0.7 �1.1

Figure 4. Comparison of model results to satellite drag observations for decadal changes in neutral density at a reference
altitude of 400 km, as a function of solar activity, following the format used by Emmert et al. [2008]. Magenta triangle:
measurement for low solar activity derived from satellite drag observations by Keating et al. [2000]. Green squares: satellite
drag observations by Marcos et al. [2005] undifferentiated with regard to solar activity. The lower value is as adjusted
by Emmert et al. [2008]. Blue circles: satellite drag observations by Emmert et al. [2008]. Cyan plusses: satellite drag
observations by Saunders et al. [2011] for F10.7< 90 and F10.7> 90. Red crosses: model simulations by Qian et al.
[2006] using a 1-D model. Orange stars with solid lines: model simulations from this work, using a standard value of
kq = ~1.5 × 10�12. Orange stars with dotted lines: this work but using a value of kq = 3.0 × 10�12.
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with Marcos et al. [2005]. Although they do not level off or even decrease at high solar activity, as suggested
by the Emmert et al. analysis, they do show more of a concave downward shape than the earlier 1-D result.
Trends at higher solar activity are more uncertain, in both measurement and model, due in part to the
confounding effects of geomagnetic activity and the varying nitric oxide levels. For comparison, the new
results for runs with kq=3.0 × 10�12 (approximately doubled over the standard model rate coefficient) are
also shown as a dotted line. Results using this assumption slightly overestimate the magnitude of most of
the available change rate estimates but are still within the realm of possibility. As noted above, the CO2

change adopted for this study corresponds to a rate of increase of 1.9 ppmv/yr, corresponding to the
period 1996–2008, while 1.6 ppmv/yr was observed at Mauna Loa Observatory over the period 1970–2010.
Therefore, a further reduction in magnitude of the model results by ~15% would be justified in order to
compare with satellite drag data obtained over the past several decades.

5. Conclusions

We used the NCAR TIME-GCM to perform fully three-dimensional simulations of secular change rates in the
thermosphere, at three levels of solar activity. Our new findings show improved agreement with observations
of density change under varying solar conditions, approximately�5% per decade at 400 km altitude for solar
minimum conditions, decreasing to approximately �2% per decade for solar maximum conditions. The
simulations were based on lower boundary CO2 levels of 363 ppmv and 386 ppmv (representative of 1996
and 2008 conditions, respectively). Only changes in CO2 were considered, because anthropogenic changes in
other trace gases such as CH4 and O3 (although important for the stratosphere and mesosphere) have very
small effects on the density of the upper thermosphere [Qian et al., 2013, 2014], particularly for the small
changes in the stratospheric mixing ratios of these gases observed during the past few decades.

The primary cause of the difference between these simulations and earlier work using global mean
modeling [e.g., Roble and Dickinson, 1989; Qian et al., 2006] is that the 3-D simulations bring more CO2 into
the thermosphere, ~30% higher ppmv at 100 km, through a more realistic treatment of vertical transport
due to tides, waves, and general circulation. All current models need to parameterize eddy mixing in the
turbopause region, however, and this remains a significant uncertainty in any model estimate of lower
thermosphere cooling, since turbopause mixing on all scales has critical effects on both the CO2 and the
atomic oxygen profiles.

Changes in F region ionosphere parameters were also calculated from these simulations, as shown in
Table 1. The peak density NmF2 is at a crossroads between diffusion and chemistry, and change in this
parameter due to thermospheric cooling is expected to be small, particularly on a global mean basis [Qian
et al., 2008, 2009]. The peak altitude HmF2 must also decline if overall neutral densities decline, but this
parameter is harder to measure. It is possible that careful analysis of incoherent scatter radar archives could
reveal changes, but it is more difficult to be definitive with the long-term ionosonde database. Both of
these are additionally affected by evolution of the terrestrial magnetic field [Cnossen and Richmond, 2008,
2012, and 2013] and so are less attractive as indicators of anthropogenic forcing alone. E region parameters
are also difficult to measure, and expected anthropogenic changes are even smaller. Ion temperatures,
particularly in the middle thermosphere where they are expected to be indicative of neutral temperatures,
are valuable data sets. An attractive location for model-data comparison is at or near HmF2, because this
parameter approximately tracks pressure surfaces, the vertical gradients of Ti are modest, and Ti is similar to
Tn. The discrepancies between ion temperature measurements and satellite drag observations of neutral
density changes continue to decrease, but until the resolution of analysis issues, it will be difficult to
say anything definitive about this aspect of ionospheric change. Therefore, although the ionosphere
remains a fascinating object for study of long-term trends, the neutral atmosphere is much more
straightforward for understanding the anthropogenic component.

There remain considerable uncertainties in the modeling of thermospheric climate change rates, the most
important of which have to do with the altitude distributions of CO2 and atomic oxygen, and the rate at
which they interact. The latter of these is discussed in section 2, above. Although there is no clear path
toward convergence on the various values of kO employed in different models and measurement retrieval
algorithms, the cooling rates in the key 100–120 km range are somewhat insensitive to even large (x2)
changes in this coefficient, as seen in Table 1 and Figure 2 [cf. Akmaev, 2003]. The altitude distributions have a
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larger role, but changes in lower thermosphere mixing relative to molecular diffusion work in opposite
directions, since CO2 is heavier than the mean molecular weight of the ambient atmosphere, while atomic
oxygen is lighter. Therefore, simply adjusting the eddy diffusion coefficient profile also has a relatively
small effect on cooling rates. However, assuring that the TIME-GCM and other models give accurate
representations of these two key minor gases above the mesopause in comparison with space-based
observations remains a key challenge for the field [e.g., Smith et al., 2010, 2011; Garcia et al., 2014]. At higher
altitudes, atomic helium becomes important and can somewhat modulate global change rates at the
exobase. Helium is not included in the simulations shown here but recently has been added to the
TIME-GCM as a thermospheric major species (Sutton et al., paper presented at the American Geophysical
Union fall meeting, 2014). Helium should not be an important factor at 400 km, however, which is part of
the rationale for using this reference altitude as a de facto standard.

Even as modeling studies converge toward the available satellite drag measurements, the uncertainty in the
measured rates has increased, due to solar cycle variability, including changes in solar ultraviolet and
geomagnetic driving of thermosphere-ionosphere densities from one minimum to the next [e.g., Emmert
et al., 2010; Saunders et al., 2011; Solomon et al., 2010, 2011, 2013]. If solar activity is actually heading into a
period of decline, then this complicates the extraction of secular trends from the solar cycle and calls into
question the strategy of using comparisons from one minimum to the next as a basic methodology. Clearly,
the 2008–2009 solar minimum period was anomalous in many respects, and this is particularly manifested in
thermospheric density change. However, there is no particular reason to suspect that the 1974–1985–1996
minima, which were the three studied in the seminal analysis by Keating et al. [2000], were significantly
dissimilar. Going forward, we will need well-calibrated solar irradiance, solar wind, interplanetary magnetic
field, and geomagnetic measurements to resolve this.

Despite the remaining uncertainties in both measurements and models, there is no doubt that the trends
found in both have the same sign and are similar in magnitude. This confluence of observation and
simulation continues to strengthen the case that some of the best evidence of the impact of anthropogenic
global change on the upper atmosphere is the continued systematic decrease of thermospheric density. This
will become an increasingly salient issue for space navigation as orbital debris of all types continues to
accumulate, particularly at low-Earth orbit. Lower temperature and density lead to less atmospheric drag,
slower removal rates, and increasing probability of collision, which exacerbates the problem [Lewis et al.,
2011]. Anthropogenic cooling of the thermosphere appears to be inexorable; if it turns out that the Sun is
indeed entering a more quiescent phase, the consequences for orbital debris will be additionally deleterious.
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