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ABSTRACT

The Earth’s upper atmosphere has shown signs of cooling and contraction over the past decades. This is generally attributed to the
increasing level of atmospheric CO2, a coolant in the upper atmosphere. However, especially the charged part of the upper atmo-
sphere, the ionosphere, also responds to the Earth’s magnetic field, which has been weakening considerably over the past century,
as well as changing in structure. The relative importance of the changing geomagnetic field compared to enhanced CO2 levels for
long-term change in the upper atmosphere is still a matter of debate. Here we present a quantitative comparison of the effects of the
increase in CO2 concentration and changes in the magnetic field from 1908 to 2008, based on simulations with the Thermosphere-
Ionosphere-Electrodynamics General Circulation Model (TIE-GCM). This demonstrates that magnetic field changes contribute at
least as much as the increase in CO2 concentration to changes in the height of the maximum electron density in the ionosphere, and
much more to changes in the maximum electron density itself and to low-/mid-latitude ionospheric currents. Changes in the mag-
netic field even contribute to cooling of the thermosphere at ~300 km altitude, although the increase in CO2 concentration is still
the dominant factor here. Both processes are roughly equally important for long-term changes in ion temperature.
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1. Introduction

The study of long-term (multi-decadal) changes in the upper
atmosphere started with the prediction that a doubling of the
CO2 concentration would lead to a ~50 K cooling of the ther-
mosphere at 300–400 km altitude (Roble & Dickinson 1989).
The subsequent atmospheric contraction would cause a lower-
ing of ionospheric layers and a decrease in neutral density at
fixed height (Rishbeth & Roble 1992), while the maximum
electron density of ionospheric layers should not be affected
much (Rishbeth 1990; Rishbeth & Roble 1992). Observational
evidence has confirmed many of these predictions, at least in a
qualitative sense: the global mean neutral density at fixed
heights of 250–400 km has been decreasing (Keating et al.
2000; Emmert et al. 2004; Emmert & Picone 2011), the ion
temperature, which is closely coupled to the neutral tempera-
ture, has been decreasing at several stations (Donaldson et al.
2010; Zhang et al. 2011; Zhang & Holt 2013), and at many sta-
tions decreasing trends in the heights of the maximum electron
density of the ionospheric E and F2 layers have been found
(Bremer 1992, 2008; Ulich & Turunen 1997; Jarvis et al.
1998; Bremer et al. 2012). It has also been suggested that the
changes in the ionosphere arising from increased greenhouse
gases could be responsible, at least partly, for observed long-
term changes in the daily amplitude of magnetic perturbations
associated with the solar quiet (Sq) current system flowing in
the low- to mid-latitude dayside ionosphere (Torta et al.
2009; Elias et al. 2010).

However, model predictions of the effects of the increase in
CO2 concentration that has actually occurred tend to be too
weak to explain the trends observed over the past decades fully
(Cnossen 2012). There are also inconsistencies between the

reported magnitudes of long-term trends in ion temperature
and neutral density, which still need to be reconciled (Akmaev
2012). In addition, several ionosonde stations show increases in
the height of the peak of the F2 layer, hmF2, rather than the
expected decrease (Bremer 1998; Upadhyay & Mahajan
1998), and many stations show significant trends in the critical
frequency of the F2 layer, foF2 (Upadhyay & Mahajan 1998;
Elias & Ortiz de Adler 2006), which is directly related to
the maximum electron density of the F2 layer, NmF2

(NmF2 / (foF2)
2). These discrepancies with the predicted

effects of enhanced CO2 levels mean that other drivers of
long-term change may be important also.

Indeed, Cnossen & Richmond (2008, 2013) showed that
changes in the Earth’s main magnetic field can cause changes
in the ionosphere of similar magnitude to the effects predicted
for the increase in CO2 concentration, and can result in
decreases as well as increases (depending on location) in both
hmF2 and foF2. The underlying physical mechanisms responsi-
ble for these effects were explored through a series of idealized
modeling studies and are now quite well understood (Cnossen
et al. 2011, 2012; Cnossen & Richmond 2012). Yet, the impor-
tance of geomagnetic field changes as a driver of long-term
change in the upper atmosphere still appears to be underappre-
ciated. The increase in CO2 concentration generally remains to
be thought of as the main driver of long-term changes in the
upper atmosphere (e.g., Laštovička et al. 2012), despite the
inconsistencies mentioned above.

Here we directly compare some of the effects of the
increase in CO2 concentration and changes in the geomagnetic
field from 1908 to 2008. Such a direct, quantitative comparison
has so far not been done, because different models and different
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setups have been used to study the effects of enhanced CO2 lev-
els and geomagnetic field changes in the past (e.g., Akmaev
et al. 2006; Cnossen & Richmond 2008, 2013; Qian et al.
2009). We address this problem with a series of simulations
with the Thermosphere-Ionosphere-Electrodynamics General
Circulation Model (TIE-GCM), all set up in the same way.
These allow us to quantify the effects of the increase in CO2

concentration and changes in the magnetic field both separately
and combined. This helps to establish the relative importance of
both drivers in causing long-term trends in the upper atmo-
sphere more precisely and identify any interactions between
them. We also estimate the significance of the effects against
day-to-day variability, which has not been done before for the
effects of changes in CO2 concentration, even though this is
essential in determining their importance. The simulations
clearly demonstrate that changes in the Earth’s magnetic field
can be at least as important as enhanced CO2 levels for long-
term change in the upper atmosphere, if not more important,
depending on the variable studied.

2. Methods

The TIE-GCM is a time dependent, three-dimensional model
that solves the fully coupled, nonlinear, hydrodynamic, thermo-
dynamic, and continuity equations of the thermospheric neutral
gas self-consistently with the ion continuity equations. In the
setup used here, the model grid consists of 36 latitude and 72
longitude points (5� · 5� resolution) and 29 pressure levels
between ~96 km and ~500 km with a spacing of half a scale
height. The model is well-established and has been widely used
in the thermosphere-ionosphere community, so we will only
mention a few important aspects here. More information on
the original model setup can be found in Roble et al. (1988)
and Richmond et al. (1992). An up-to-date overview of the
development of the TIE-GCM and its current state, including
some model validation examples, is provided by Qian et al.
(2014) and references therein.

The TIE-GCM calculates the electric potential self-consis-
tently at geomagnetic latitudes equatorward of ±60�. At geo-
magnetic latitudes poleward of ±75� the electric potential was
externally imposed using the empirical Heelis et al. (1982)
model. In between is a transition zone where the numerical
solution is gradually more constrained by the empirical model.
The Kp index was used as input to the Heelis et al. (1982)
model. The Kp index was also used to parameterize the effects
of energetic particle precipitation from the magnetosphere, also
done in a geomagnetic coordinate system. Any effects of
changes in the geographic locations of the auroral ovals (and
the associated phenomena), which would be expected to arise
from changes in the geographic locations of the magnetic poles,
are therefore accounted for. However, the magnitudes of the
high-latitude electric potential and the hemispheric power of
precipitating particles are the same for each simulation (but vary
over the duration of each simulation according to variations in
the Kp index).

At its lower boundary, the TIE-GCM allows for tidal forc-
ing with the Global Scale Wave Model (GSWM). Here, the
GSWM migrating diurnal and semi-diurnal tides of Hagan &
Forbes (2002, 2003) were used. As the tidal forcing was kept
the same for all simulations, any effects of changes in the tides
that might arise from changes in the geomagnetic field or (per-
haps more likely) from an increase in CO2 concentration are not
accounted for.

All our simulations were run for 61 days from 0 UT on 1st
March to 0 UT on 1st May with the observed solar and geo-
magnetic forcing (F10.7 and Kp indices) of the year 2008.
On average, the solar activity during this interval was very
low (F10.7 ~ 70 solar flux units), and geomagnetic conditions
were relatively quiet. The Kp index was never higher than 6,
and mostly around 2–3. A subsection of the same interval
has been simulated previously by Cnossen & Richmond
(2013) with the Coupled Magnetosphere-Ionosphere-Thermo-
sphere (CMIT) model to study the effects of changes in the
magnetic field. Here we have chosen to use the TIE-GCM
instead, because it runs much faster, allowing for longer simu-
lations, which is needed to establish the statistical significance
of differences between simulations more reliably. The downside
of this choice is that any changes in solar wind-magnetosphere-
ionosphere (SW-M-I) coupling that may arise from changes in
the magnetic field are not accounted for. However, Cnossen &
Richmond (2012) showed that changes in SW-M-I coupling are
mainly important during geomagnetically disturbed conditions;
for quiet conditions these should have only minor effects at
most.

The control simulation was set up with the CO2 concentra-
tion of 2008 (385 ppm) and the magnetic field of 2008, speci-
fied by the International Geomagnetic Reference Field (IGRF)
(Finlay et al. 2010). We then performed three additional simu-
lations to quantify the effects of the change in CO2 concentra-
tion since 1908, the changes in the magnetic field since 1908,
and their combined effects, respectively. In the first experimen-
tal simulation the CO2 concentration was changed to the level
in 1908 (300 ppm) and the lower boundary temperature was
increased from 180 K (used in the control experiment) to
182 K to reflect the warming effect of a lower CO2 concentra-
tion at ~97 km altitude, following Qian et al. (2009). Every-
thing else was kept as in the control run. We note that it is
assumed that the change in the ground-level CO2 concentration
(i.e. from 300 ppm in 1908 to 385 ppm in 2008) is representa-
tive also of the change in CO2 concentration in the upper atmo-
sphere. In the second experimental simulation, only the
magnetic field was changed from the IGRF of 2008 to the
IGRF of 1908, with again all other settings the same as in
the control run. In the last simulation, we used both the IGRF
of 1908 and the CO2 concentration of 1908, again with a lower
boundary temperature of 182 K. An overview of these simula-
tion settings is given in Table 1. The four simulations are
labeled with a code name, which will be used in the rest of
the text and figures for easy reference.

Magnetic perturbations associated with currents flowing in
the ionosphere were calculated with a post-processing code
described by Doumbia et al. (2007) and Richmond & Maute
(2014). Results are presented for the daily amplitude of these
perturbations, calculated as the difference between the

Table 1. Overview of the simulation settings used.

Code
name

Magnetic
field (IGRF)

CO2

concentration
(ppm)

Lower boundary
temperature

(K)

MC2008
(control)

2008 385 180

C1908 2008 300 182
M1908 1908 385 180
MC1908 1908 300 182
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maximum and minimum values of the perturbations for a given
field component at each location for each day. At low- to mid-
latitudes this can be interpreted as the daily amplitude of the
solar quiet (Sq) magnetic variation, as the geomagnetic activity
level is fairly low throughout the simulation interval. Magnetic
perturbations at high latitudes may be less reliable, as these are
more influenced by interactions with the magnetosphere, which
is not represented in the TIE-GCM. We also note that the TIE-
GCM tends to underestimate E region electron densities and
conductivities somewhat and therefore also tends to underesti-
mate magnetic perturbations. Any differences in magnetic
perturbations between simulations may therefore be underesti-
mated as well. In addition, any effects of currents flowing in
the solid earth or oceans and effects of local variations in the
subsurface conductivity are not taken into account.

The results are presented in the form of maps of the 61-day
mean (or mean difference) of a given variable. Except when
daily amplitudes are considered, maps are organized in local
time (LT) rather than universal time (UT), so that the results
can be more easily compared to observed long-term trends,
which are often for a specific local time or local time range.
Often noon-time values are chosen. Local time maps were
therefore constructed by extracting for each 15� wide longitude
sector the data for the UT corresponding to 12 LT and then join-
ing up these longitude sectors to form one map.

At each grid point, a t-test was done to assess the statistical
significance of the 61-day mean differences between the exper-
imental simulations and the control run against day-to-day var-
iability, represented by the standard deviation of the 61 values
(one for each day) at that grid point. This means that each day
was taken as an independent data point, which is reasonable
given a typical relaxation time of about 12–15 h in the thermo-
sphere at 350 km (Maeda et al. 1992).

3. Results

3.1. Neutral temperature

Figure 1 shows a map of the 61-day average neutral tempera-
ture in the thermosphere at 3.2 · 10�8 hPa (~300 km) for the
control experiment (MC2008; panel a) and the difference with
each of the subsequent experiments (panels b–d) at 12 LT. The
effect of the increase in CO2 concentration from 1908 to 2008
is, as expected, a fairly uniform decrease in neutral temperature
of about 8 K (panel b). However, this effect is only statistically
significant at relatively low latitudes. This is due to smaller day-
to-day variability in the lower latitude areas. The simulated
61-day standard deviation of the neutral temperature at 12 LT
and 3.2 · 10�8 hPa is about 20 K at low- to mid-latitudes,
while at high latitudes this increases to 40 K or more. Any dif-
ference between simulations (the signal) therefore stands out
more clearly at lower latitudes.

Changes in the magnetic field from 1908 to 2008 (panel c)
cause the strongest changes in neutral temperature at high mag-
netic latitudes, i.e. near the northern hemisphere (NH) and
southern hemisphere (SH) magnetic poles, with a cooling of
up to 10 K in the NH and a warming of up to 12 K in the
SH. In other areas a more modest warming is found of about
4 K. The overall warming is consistent with the overall
decrease in magnetic field strength that has taken place over
the past century (Cnossen et al. 2011, 2012), while the more
localized changes near the magnetic poles are probably
associated with the northward and westward movement of the
magnetic poles over the past century, which creates changes

in the distribution and amount of Joule heating in the auroral
regions (Cnossen & Richmond 2012). However, nearly all of
the changes in neutral temperature caused by magnetic field
changes are statistically insignificant, except for a small patch
of cooling over North America.

Still, when the effects of changes in CO2 concentration
and changes in the magnetic field are combined (panel d),
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Fig. 1. Sixty-one-day mean neutral temperature for the control case
(MC2008; panel a) and the difference with C1908, M1908, and
MC1908 (panels b–d) at 12 LT at a pressure level of 3.2 · 10�8 hPa
(~300 km). The contour interval for the difference plots is 2 K
between �12 and +12 K, with an additional contour at �16 K for
the bottom panel. Light (dark) shading indicates statistical signifi-
cance at the 95% (99%) level.
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the cooling over North America and parts of the Atlantic and
Pacific Oceans produced by changes in the magnetic field adds
to the cooling caused by the increase in CO2 concentration. This
creates a strong, significant cooling over those parts of the
world of up to 18 K. Some areas that did not show a significant
cooling for either of the two drivers individually, do show a sig-
nificant change when their effects are added. Conversely, in
areas where the effects of changes in the magnetic field oppose
the effects of the increase in CO2 concentration (e.g. all eastern
longitudes), significant change occurs over smaller areas than
found for the increase in CO2 concentration alone. The effects
of the two processes thus appear to be more or less additive,
indicating that there is not much interaction between them.

3.2. Ion temperature

Figure 2 shows the ion temperature at 3.2 · 10�8 hPa
(~300 km) for the control experiment (MC2008; panel a) and
the difference with each of the subsequent experiments (panels
b–d) at 12 LT. The increase in CO2 concentration causes a fairly
uniform decrease in ion temperature of 6–11 K and is only sig-
nificant at relatively low latitudes (panel b). This is similar to
what we found for the neutral temperature.

However, the ion temperature is more significantly affected
by changes in the Earth’s magnetic field (panel c) than the neu-
tral temperature is. Significant changes in ion temperature are
mainly found over a region bounded by ~80� W–40� E and
~30� S–30� N, which roughly corresponds to a region we have
previously referred to as the Atlantic region (Cnossen &
Richmond 2013). The changes in ion temperature found here
more or less follow the changes in electron temperature (not
shown), which are related to changes in electron density (see fol-
lowing section): where the electron density is lower, the same
amount of solar energy is distributed over a smaller number of
electrons, leading to a higher electron temperature, and vice
versa where the electron density is higher (see also Cnossen &
Richmond 2013). When the effects of the increase in CO2 con-
centration and magnetic field changes are combined (panel d),
the changes appear again more or less additive, i.e. panel d
appears to correspond more or less to the sum of panels b and c.

3.3. F2 layer ionosphere

In the densest part of the ionosphere, the F2 layer, the two key
parameters that have shown long-term changes in observational
records are the critical frequency, foF2 (directly related to the
maximum electron density), and the height of the peak in elec-
tron density, hmF2. Their responses to the increase in CO2 con-
centration and changes in the geomagnetic field over the past
century are compared in Figure 3, again for 12 LT.

The increase in CO2 concentration over the past century
(panel b) caused a fairly uniform decrease in hmF2 of about
5 km, but this is not statistically significant everywhere. Signif-
icant differences are mainly found in bands between 30� and
50� latitude in both hemispheres. The magnitude of the change
agrees quite well with model predictions by Qian et al. (2009),
when scaling the results of their simulations, which were for a
doubling of the CO2 concentration from a base level of
365 ppm, to the 85 ppm increase from 1908 to 2008 simulated
here. There is no noticeable effect of the increase in CO2 con-
centration on foF2 (panel f). All the changes are smaller
than ±0.2 MHz (±2.5%) and are not statistically significant,
in agreement with theoretical and previous model predictions
(Rishbeth 1990; Rishbeth & Roble 1992).

Changes in the magnetic field between 1908 and 2008
clearly have had a much stronger effect on both hmF2 and
foF2 in various parts of the world (panels c and g). The stron-
gest effects, with changes in hmF2 of up to �60 and +40 km
and changes in foF2 of up to �1.25 to +0.5 MHz, are found
roughly between 40� S–40� N and 80� W–50� E, again
roughly corresponding to the Atlantic region mentioned

700
700

800
800

900

900

900

900

180oW 120oW 60oW 60oE 120oE 180oW0o

180oW 120oW 60oW 60oE 120oE 180oW0o

180oW 120oW 60oW 60oE 120oE 180o W0o

180oW 120oW 60oW 60oE 120oE 180oW0o

80oN

40oN

40oS

80oS

0o

80oN

40oN

40oS

80oS

0o

80oN

40oN

40oS

80oS

0o

80oN

40oN

40oS

80oS

0o

(a) MC2008 (control)

Ion temperature [K]

−10

−10
−10

−10

(b) MC2008 − C1908 (CO2 effect)

10

10

10

10

10
10

1010

10

10

10

50

50

50

50
50 −10−10 −10 −10

−10
−10

−10

−10

−10

−10

(c) MC2008 − M1908 (magnetic field effect)

10

10

10

10
10

10

10

10

50
50

50−50

−10

−10
−10

−10 −10−10

−10

−10

−10

−10

−10

−10
−10

−10
−10

−10

−10
−10

(d) MC2008 − MC1908 (combined effect)

12.0 LT

Fig. 2. Sixty-one-day mean ion temperature for the control case
(MC2008; panel a) and the difference with C1908, M1908, and
MC1908 (panels b–d) at 12 LT at a pressure level of 3.2 · 10�8 hPa
(~300 km). Contours for the difference plots are at 0, ±10, ±25, ±50,
and ±100 K. Light (dark) shading indicates statistical significance at
the 95% (99%) level.
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before. Still, considerable significant changes are also found
outside the Atlantic region, for instance over the Pacific Ocean
and parts of Antarctica. These changes are generally on the
order of about �5 to +5 km for hmF2 and about �0.25 to
+0.25 MHz for foF2.

When the increase in CO2 concentration and changes in the
magnetic field are combined (bottom row), the difference

patterns with the control run remain very similar to those found
for changes in the magnetic field alone, in particular for foF2.
For hmF2, the decrease caused by the increase in the CO2 con-
centration adds to the effects of the changes in the magnetic
field, so that any negative differences become slightly more
strongly negative, whilst any positive differences are slightly
weakened.
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3.4. Solar quiet (Sq) daily amplitude

Currents flowing in the ionosphere produce perturbations to the
main magnetic field that can be measured on the ground. In the
dayside low- to mid-latitude ionosphere there is a stable current
system under geomagnetically quiet conditions, driven by solar
radiation and thermospheric winds, which is referred to as the
solar quiet (Sq) current system. As the Earth rotates underneath
this current system, a typical daily variation in magnetic pertur-
bations can be measured. Multi-decadal changes have been
observed in the daily amplitude of these magnetic perturbations,
which have been linked to various sources, including enhanced
greenhouse gases and changes in the Earth’s magnetic field
(Elias et al. 2010).

Figure 4 shows the response of the daily amplitude of the
magnetic perturbations in the northward direction to the
increase in CO2 concentration and geomagnetic field changes
from 1908 to 2008, as an example of the response of the Sq cur-
rent system to these changes. The increase in CO2 concentration
(panel b) has only a very small effect (<2.5 nT) on the daily
amplitude of the northward magnetic perturbations, which is
not significant anywhere. This is also the case for the eastward
and downward components (not shown).

In contrast, changes in the main magnetic field have wide-
spread effects on the daily amplitude of the magnetic perturba-
tions (panel c). At low- to mid-latitudes, where the Sq current
system is located, changes on the order of ±5 nT are quite com-
mon, but close to the magnetic equator they can be larger still:
up to ±10 nT for the eastward and downward components (not
shown) or even ±20 nT for the northward component. These
changes correspond to about 50% of the total amplitude, and
are highly significant. The pattern of change is due to both
changes in the geographic location of the magnetic equator
and changes in magnetic field strength (Cnossen & Richmond
2013).

Some significant changes are also found at higher latitudes,
but this result may be less reliable, as magnetic perturbations at
high latitudes are more sensitive to magnetospheric processes,
which are not represented in the TIE-GCM used here. Still, it
illustrates the possibility that magnetic perturbations at high lat-
itudes could also be affected by main magnetic field changes,
which should be investigated further with a more appropriate
model. If long-term changes in the geomagnetic field affect
the magnetic perturbations associated with geomagnetic storms,
this could have important implications for the interpretation of
reported trends in geomagnetic activity (e.g., Stamper et al.
1999; Clilverd et al. 2002).

4. Discussion and conclusions

We have presented a quantitative comparison between the
effects of enhanced CO2 levels and the changing geomagnetic
field on the upper atmosphere, based on simulations with the
TIE-GCM. Our simulations show very clearly how little influ-
ence the increase in CO2 concentration has had on foF2 and the
daily magnetic perturbations associated with the Sq current sys-
tem compared to changes in the Earth’s magnetic field. Both
factors contribute to long-term changes in hmF2, but the
increase in CO2 level produces a rather uniform decrease in
hmF2 of about 5 km, while magnetic field changes produce
changes in hmF2 of similar order of magnitude as well as much
larger changes, depending on location (up to +40 and �60 km
in the Atlantic region). Magnetic field changes are thus much

more likely to be responsible for observed long-term trends
in foF2 and Sq amplitude than the increase in CO2 concentra-
tion, and they are at least as important as, but can be consider-
ably more important than, the increase in CO2 concentration for
long-term trends in hmF2.

Ion temperature is affected in roughly equal measures
(~10 K) by magnetic field changes and increased CO2 levels,
when only significant effects are considered. Magnetic field
changes cause either cooling or warming, depending on loca-
tion, while the increase in CO2 concentration results in cooling
everywhere. Changes in the magnetic field cause nearly no sig-
nificant change in neutral temperature. Still, they do substan-
tially alter the pattern of change predicted for the increase in
CO2 concentration alone and its statistical significance. In par-
ticular over northern America and parts of the Pacific and
Atlantic Oceans, the decrease in temperature simulated for
changes in the magnetic field and CO2 concentration combined
is up to twice as large as simulated for the CO2 increase alone,
and also its significance is broadened in those regions.
Both processes are therefore important. Also more generally,
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we may conclude that to understand climatic changes in the
upper atmosphere, it is necessary to consider combinations of
effects from different drivers of long-term change rather than
to focus on only one potential driver.

Our simulations also show that long-term changes in neutral
temperature (and therefore neutral density), do not necessarily
need to be consistent with long-term trends in ionospheric vari-
ables, such as hmF2, foF2, or ion temperature, as they may in
part arise from different processes. For instance, comparing
Figures 1 and 2, we find that changes in neutral temperature
and changes in ion temperature share some characteristics,
but they are not identical; differences are mainly due to differ-
ences in the responses of ion and neutral temperatures to the
effects of magnetic field changes. This offers a possible expla-
nation for the inconsistency noted by Akmaev (2012) between
reported long-term trends in ion temperature and observed
trends in global mean neutral density in the thermosphere.

Long-term trends in the upper atmosphere do also not need
to be spatially homogeneous. Unlike the effects of increased
CO2 levels, the effects of the changing geomagnetic field are
distinctly non-uniform across the globe, which could help
explain why different long-term trends, sometimes even of
the opposite sign, have been observed at different ionosonde
stations. This result implies as well that the study of spatial pat-
terns of long-term trends could reveal important clues to the
causes of those trends.

Of course, the results presented here rely solely on simula-
tions with the TIE-GCM. While the TIE-GCM is one of the
best models in its category, it is not a perfect representation
of the true upper atmosphere and there are uncertainties associ-
ated with any model simulation. For instance, there are limited
constraints available on the CO2-O relaxation rate coefficient,
which determines in part how efficiently CO2 cools the upper
atmosphere (Sharma & Roble 2002). This means that a reason-
able choice has to be made, and this choice will have an influ-
ence on the effect the model predicts for an increase in the CO2

concentration. Still, results on the effects of CO2 increases
obtained with the TIE-GCM are in quite good agreement with
results obtained with other models (e.g. Cnossen 2012), which
gives some confidence that the results are likely to be fairly
realistic. Effects of changes in the magnetic field have so far
mainly been investigated with the TIE-GCM and the related
CMIT model. Only one other modeling study by Yue et al.
(2008) confirms the importance of geomagnetic field changes
for long-term trends in hmF2 and foF2 at low- to mid-latitudes,
but they did not investigate effects on ion or neutral tempera-
ture. Independent studies with other numerical models of the
thermosphere-ionosphere system to verify the effects of
changes in the geomagnetic field would therefore be particu-
larly welcome.

Quantitative comparisons with observed trends are needed
to find out to what extent the combined effects of the increase
in CO2 concentration and magnetic field changes can explain
these trends. Recent comparisons of observed trends with the
simulations carried out by Cnossen & Richmond (2013) indi-
cate that magnetic field changes could be responsible for most
of the trends in Sq amplitude at three out of five of the stations
that were investigated (De Haro Barbas et al. 2013), while they
could only explain about 8% of the observed trend in ion tem-
perature at Millstone Hill (Zhang & Holt 2013). It still remains
unclear whether the increase in CO2 concentration could be
responsible for the remainder, although this seems unlikely
based on the results shown here. Perhaps other processes should

be considered as well, such as long-term solar variability or cli-
matic changes in the atmosphere below, which could affect the
upper atmosphere, for instance, through changes in gravity
wave generation and/or propagation conditions (e.g. Oliver
et al. 2013). To facilitate further comparisons between model
predictions and observed trends we will make the output from
the simulations presented here, including results for different
vertical levels, local/universal times, or different variables,
where available, freely available to the community on request
(contact the author if interested).
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