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Abstract Increasing carbon dioxide concentrations in the mesosphere and lower thermosphere are
increasing radiative cooling in the upper atmosphere, leading to thermospheric contraction and decreased
neutral mass densities at fixed altitudes. Previous studies of the historic neutral density trend have shown a
dependence upon solar activity, with larger F10.7 values resulting in lower neutral density reductions. To
investigate the impact on the future thermosphere, the Whole Atmosphere Community Climate Model with
ionosphere and thermosphere extension has been used to simulate the thermosphere under increasing carbon
dioxide concentrations and varying solar activity conditions. These neutral density reductions have then been
mapped onto the Shared Socioeconomic Pathways published by the Intergovernmental Panel on Climate
Change. The neutral density reductions can also be used as a scaling factor, allowing commonly used empirical
models to account for CO2 trends. Under the “best case” SSP1‐2.6 scenario, neutral densities reductions at
400 km altitude peak (when CO2 = 474 ppm) at a reduction of 13%–30% (under high and low solar activity
respectively) compared to the year 2000. Higher CO2 concentrations lead to greater density reductions, with the
largest modeled concentration of 890 ppm resulting in a 50%–77% reduction at 400 km, under high and low
solar activity respectively.

Plain Language Summary Carbon dioxide (CO2) concentrations are increasing throughout the
atmosphere, not just at ground level. While this results in global warming in the lower atmosphere, the much less
dense upper atmosphere does not trap the radiated heat, resulting in cooling of the upper atmosphere. As the
upper atmosphere cools, it contracts, reducing the atmospheric density at a fixed altitude. Satellites traveling in
low Earth orbit, such as the International Space Station at 400 km altitude, experience atmospheric drag, slowly
reducing their altitude until they “re‐enter” and burn up in the lower, denser atmosphere. Reducing neutral
densities will increase satellite orbital lifetimes as they experience less drag. The upper atmosphere has been
simulated under increasing CO2 concentrations and solar activity conditions. This has also been linked to
potential future CO2 concentration scenarios. Scaling factors have been created allowing simpler, faster models
to account for CO2 density reductions. Under a best‐case scenario (SSP1‐2.6) where CO2 concentrations peak in
around the year 2065 and then decline, densities at 400 km are 13%–30% lower compared to the year 2000 at the
CO2 peak concentration, and then recover as CO2 reduces. However, densities continue to reduce if CO2

concentrations keep rising.

1. Introduction
Carbon dioxide (CO2) exists throughout the atmosphere (shown in Figure 1) (Yue et al., 2015) with a roughly
constant concentration in the turbulent atmosphere below the homopause (around 90 km altitude). Gravitational
separation asymptotically decreases the concentration with altitude trending toward zero in the lower thermo-
sphere (around 200 km).

Carbon dioxide can gain energy via collisions with molecules or ions in the atmosphere, or absorbing infra‐red
(IR) radiation. It can then lose that energy via collisions, or emission of IR radiation (at 15 μm). In the dense lower
atmosphere, collisions dominate, and any emitted IR radiation has a short mean free path, being quickly
recaptured and trapping heat locally, leading to the greenhouse effect. In the less‐dense upper atmosphere, col-
lisions are much less frequent, so CO2 is more likely to lose energy via IR emission, which has a much longer
mean free path, allowing heat to escape the locale, cooling the upper atmosphere. As the upper atmosphere cools,
it contracts, resulting in the neutral density reducing at a given fixed altitude.
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Similarly to CO2, Nitric oxide (NO) also cools the upper atmosphere with IR
emission at 5.3 μm. Concentrations of NO, and also atomic oxygen (O), vary
with solar activity levels (Mlynczak et al., 2014). This changes the ratio of NO
to CO2, as well as the temperature and collision rates with O, such that the
magnitude of neutral density reductions in the upper atmosphere is dependent
on solar activity. The largest reductions are seen under low solar activity,
when CO2 is relatively more important for the thermosphere's energy budget.
The large amount of molecular nitrogen (N2) in the lower atmosphere acts as a
reservoir, such that additional nitrogen dioxide (NO2) released as a green-
house gas is assumed to have minimal impact on NO concentrations.

A large number of previous studies have both modeled and observed the
reducing density trend first predicted by Roble and Dickinson (1989).
Observed neutral density reductions are summarized in Table 1, modeled
values in Table 2, and Figure 2 shows the altitude profile of both observed and
modeled reductions in literature. All values have been standardized to a
density trend given in “% per decade.” While the magnitude of the reductions

vary across the literature, all studies agree on a reducing density trend within the upper atmosphere. The studies
that also binned density trends by solar activity agreed that the trend is larger in magnitude under low solar
activity.

These secular trends in neutral density have an impact on the space debris environment in low Earth orbit (LEO),
reducing atmospheric drag acting on orbiting objects and increasing their orbital lifetimes (Lewis et al., 2011).
Models of the space debris environment make use of computationally fast empirical atmospheric models to
propagate orbits while accounting for atmospheric drag, however these empirical atmospheric models do not
account for secular CO2 trends. The aims of this study are therefore twofold. First to build upon the future neutral
density reductions under low solar activity results of Brown et al. (2021), by understanding how the magnitude of
the density reduction varies with increasing solar activity and CO2 concentration. Second to provide scaling
factors which allow empirical atmospheric models to account for long‐term trends caused by CO2 emissions.
These scaling factors maintain the speed and ease‐to‐run advantages of empirical models over numerical models,

Figure 1. Altitude profile of carbon dioxide concentration, from ground level
through to the lower thermosphere. This example is a global average of
Whole Atmosphere Community Climate Model with ionosphere and
thermosphere extension output for the year 2000.

Table 1
Summary of Observed (Derived) Neutral Density Trends at 400 km Altitude

Study Model used F10.7 (sfu) Period Density trend (% per decade)

Keating et al. (2000)a MET99 ∼75 1976, 1986, 1996 − 4.9 ± 1.3

Emmert et al. (2004) NRLMSISE‐00 ≤90 1996–2001 − 3.8

Emmert et al. (2004) NRLMSISE‐00 All 1996–2001 − 2.8 ± 1.0

Marcos et al. (2005) NRLMSISE‐00 All 1970–2000 − 1.7 ± 0.2

Emmert et al. (2008) GAMDM <75 1967–2007 − 5.5 ± 1.4

Emmert et al. (2008) GAMDM 170 to 220 1967–2007 − 2.1 ± 0.9

Saunders et al. (2011) NRLMSISE‐00 <90 1970–2010 − 7.2

Saunders et al. (2011) NRLMSISE‐00 All 1970–2010 − 5.4 ± 3

Saunders et al. (2011) NRLMSISE‐00 >90 1970–2010 − 4.0

Emmert and Picone (2011) GAMDM All 1967–2005 − 1.94 ± 0.68

Emmert (2015) GAMDM2.1 60 to 75 1967–2005 − 3.1 ± 1.6

Emmert (2015) GAMDM2.1 60 to 75 1967–2013 − 7.2 ± 1.2

Emmert (2015) GAMDM2.1 180 to 500 1967–2005 − 3.0 ± 0.7

Emmert (2015) GAMDM2.1 180 to 500 1967–2013 − 3.0 ± 0.8

Weng et al. (2020) ANNM All 1967–2013 − 1.7

Note. “Model used” refers to the atmospheric model used to remove the dominant solar cycle variation, and detrend the data.
a350 km altitude.
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Table 2
Summary of the Modeled Historic Neutral Density Trends at 400 km Altitude

Study Model used F10.7 (sfu) Period Density trend (% per decade)

Qian et al. (2006) TIME‐GCM (1D) 70 1970–2000 − 2.5a

Qian et al. (2006)b TIME‐GCM (1D) All 1970–2000 − 1.7

Qian et al. (2006) TIME‐GCM (1D) 210 1970–2000 − 0.75a

Solomon et al. (2015) TIME‐GCM 70 1996–2008 − 4.9 or − 6.8c

Solomon et al. (2015) TIME‐GCM 200 1996–2008 − 1.8 or − 2.1c

Solomon et al. (2018) WACCM‐X 70 1974–2003 − 3.9

Solomon et al. (2019) WACCM‐X 200 1974–2003 − 1.7

Cnossen (2020) WACCM‐X 2.0 All 1950–2015 − 2.8 ± 0.6

Brown et al. (2021) WACCM‐X 70 1975–2005 − 5.8
aAverage of the 350 and 450 km values. bResult was re‐presented by Qian and Solomon (2011). ckq, CO2‐O collisional
deactivation rate, of 1.5 × 10− 12 or 3.0 × 10− 12 cm3 s− 1.

Figure 2. Summary of historical density trends at 400 km in the literature for varying solar activity levels, with detail on
values used given in Tables 1 and 2. Error bars are provided where available. Updated version of similar figures in Emmert
et al. (2008) and Solomon et al. (2015). a Keating et al. (2000) value at 350 km. b Plotted line is mean of 350 and 450 km
trends in Qian et al. (2006). c Saunders et al. (2011) used large binning for F10.7, so the lines denote trends found for F10.7
less than or greater than 90 sfu. d Emmert (2015) andWeng et al. (2020) calculated the trend over different periods. The solid
line denotes 1967 to 2005 and the dotted line denotes 1967 to 2013. e CO2–O quenching rate, kq, affects the CO2 cooling rate
and therefore the magnitude of trend. Solomon et al. (2015) used the default kq of the model, 1.5 × 10− 12 (solid line), and also
3.0 × 10− 12 (dashed line). f Solomon et al. (2018, 2019) use the same methodology, but at low and high solar activity values
respectively.
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while allowing for CO2 induced trends to be included in orbital lifetime estimation and debris environment
modeling.

2. Model
The Whole Atmosphere Community Climate Model with thermosphere and ionosphere extension (WACCM‐X)
was used to model the thermospheric response to increasing levels of CO2, with the model fully described by Liu
et al. (2010). The model is part of the Community Earth SystemModel (CESM) (Hurrell et al., 2013), maintained
by the National Center for Atmospheric Research. Version 1.2.2 of the model was used rather than the newer 2.0
(Liu et al., 2018) to build upon the reprocessed results of Brown et al. (2021) and allow for direct comparison. As a
whole atmosphere numerical model, WACCM‐X solves for the physics, chemistry and dynamics of the atmo-
sphere, starting from some initial state and moving forwards in time. This allows ground‐level CO2 to propagate
upwards to the thermosphere. A 1.9 by 2.5° latitude by longitude grid with quarter scale height vertical resolution
was used up to a maximum model height of 4 × 10− 10 hPa. This top level of the model varies in altitude between
around 350 to 600 km depending upon energy input.

3. Methodology
WACCM‐X has been used to simulate the whole atmosphere under different, fixed carbon dioxide concentra-
tions, under low and high solar activity conditions, as well as varying solar activity conditions at one fixed, high
CO2 concentration. As a numerical model, WACCM‐X requires a spin‐up time for the model to move from its
initial conditions toward a steady state more representative of the input conditions. A sudden, large increase in
ground‐level CO2 takes a substantial amount of time to propagate through to the upper atmosphere. To speed up
the spin‐up process, the CO2 profile in the initial state of the year 2000 (Figure 1) is scaled by the relative increase
in ground‐level CO2 concentration. Above 60 km, photodissociation breaks CO2 into carbon monoxide (CO) and
O, which can then reform, such that CO2 and CO exist in chemical equilibrium in the thermosphere. Therefore the
CO profile is scaled similarly to CO2. After this scaling, WACCM‐X has 4 months of spin‐up before data is used
for analysis. This allows for a steady state to be reached, for example, by allowing the scaled CO2 and CO
concentrations to reach a chemical equilibrium via WACCM‐X chemical reactions at the currently modeled solar
activity level.

Geomagnetic activity was held at a Kp value of 0 throughout the simulations to remove geomagnetic activity
effects, and to match results with Brown et al. (2021). It is noted that the most commonly occurring Kp value is 1,
and may have been a better choice as the default. However, Emmert (2015) identified no significant difference
between these two values in historic observed trends.

With increasing traffic to LEO orbits, there is a strong need to understand the neutral density trends in this region.
The US Naval Research Laboratory's Mass Spectrometer and Incoherent Scatter radar model (NRLMSISE‐00)
(Picone et al., 2002) shows that helium can contribute over 15% of the total, globally averaged neutral density at
altitudes higher than around 500 km during low solar activity, but helium is not modeled by WACCM‐X. The
neutral density extrapolation technique used in Brown et al. (2021) failed to account for helium, so extrapolation
and neutral density trends were limited in altitude to 500 km. In this study, a different extrapolation technique
which includes helium is used instead (which is also applied to the Brown et al. (2021) results). As helium is
chemically inert, it can be added by an uncoupled model (Kim et al., 2012; Sutton et al., 2015). In post‐processing,
NRLMSISE‐00 is used to calculate atomic oxygen and helium number densities under similar solar activity,
times, and grid points as the WACCM‐X simulations. These NRLMSISE‐00 helium profiles are then scaled by
the atomic oxygen fractional difference between the NRLMSISE‐00 and WACCM‐X profiles, as in:

HeWACCM‐X =
OWACCM‐X

ONRLMSISE‐00
HeNRLMSISE‐00 (1)

at each grid point. The number density profile of each species is then extrapolated to higher altitudes using Bates‐
Walker (Walker, 1965) profiles via

n(i|z) = n(i|∞)exp[−
migref
kT∞

(z − z∞) (R + zref )
R + z

] (2)
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where n(i|z) is the number density of constituent i at altitude z,mi is the mass of the constituent, gref is the gravity at
the reference altitude zref (taken as the level below the top level ofWACCM‐X), k is the Boltzmann constant and R
is the Earth's radius. T∞ is the exospheric temperature, which is assumed to be the WACCM‐X top level tem-
perature. z∞ is the altitude at which the exospheric temperature is taken. The number density profiles are con-
verted to mass densities, and neutral mass density is then obtained by summing the O and He profiles.

4. High Solar Activity Results
WACCM‐X was used to simulate carbon dioxide concentrations which correspond to Representative Concen-
tration Pathway 8.5 (RCP8.5) (Intergovernmental Panel on Climate Change (IPCC), 2014) for a snapshot every
10 years from 2015 to 2095 inclusive, as well as the year 2000 as a reference point. These concentrations were
chosen to match (Brown et al., 2021), but 2005 was neglected due to the small change expected with respect to the
year 2000. Each of these was run cyclically for 5 years and the global‐mean annual‐means taken, where 5 years
was chosen to better understand the standard deviation between different model realizations. Results are shown in
Figure 3. Global‐mean annual‐means are taken to remove seasonal dependencies.

5. Varying Solar Activity Results
Historic studies, and the above results (compared against the low solar activity results of Brown et al. (2021)),
show that neutral density reductions are smaller in magnitude during high solar activity. To understand how the
reduction depends on solar activity conditions in more detail, WACCM‐X was used to simulate the years 2000
and 2065 (639 ppm) under F10.7 values of 100, 135, and 170 sfu. This provided enough points to outline the
relationship (linear vs. nonlinear) with the limited computing resources available. The year 2065 (639 ppm) was
chosen as a large enough CO2 concentration to result in larger neutral density reductions to identify the trend,
while being low enough that it appears in most RCP and Shared Socioeconomic Pathway (SSP) scenarios. Each of
these was run cyclically for 2 years and the global‐mean annual‐means taken, where 2 years was chosen due to
computing time limitations. Results are shown in Figure 4, along with the equivalent 70 sfu values from the
reprocessed results of Brown et al. (2021) using the updated methodology, and 200 sfu of Figure 3.

To combine the low, high and varying solar activity results, Figure 5 uses 2D cubic interpolation on each altitude
shell to obtain the F10.7‐CO2 combinations which were not simulated with WACCM‐X. This inherently assumes
the relationship shown in Figure 4 maps to other CO2 concentrations, and is scaled to the lower and upper limits of
the low and high solar activity runs. This provides scaling factors relative to the year 2000, dependent upon solar
activity (70–200 sfu), altitude (200–1,000 km), and CO2 concentrations (around 370–890 ppm).

Figure 3. Neutral density reductions relative to the year 2000, at F10.7 of 200 sfu, under increasing ground‐level carbon
dioxide concentrations. These can be used as scaling factors for an empirical thermospheric model to include CO2 density
reductions, under high solar activity conditions.
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6. Discussion
In both the low solar activity results of Brown et al. (2021) and the high solar activity results of Figure 3, there is a
sudden decrease in the rate at which neutral densities reduce between CO2 concentrations of around 440 and
520 ppm, which then recovers by 550 ppm. This does not correlate with any of the input parameters to WACCM‐
X, so it cannot be readily attributed to it being an artifact of the model itself, a combination of input parameters, or
an unidentified physical phenomenon.

While the historic trends summarized in Figure 2 often present results in units of “% per decade,” this inherently
includes the historic increase in carbon dioxide during the period the trend is calculated over. Extrapolating “% per
decade” trends forward assumes the rate of increase in CO2 concentrations will remain constant. Figure 6 and
Table 3 show the observed trends of Table 1 mapped into carbon dioxide concentration‐based trends, with the year
2000 (CO2 = 369 ppm) taken as the reference point. This was done by assuming the stated trends are fixed over
each study's period, calculating the scaled neutral densities at the start and end of the period, then by assuming the
density reduction for each ppm drop in carbon dioxide concentration is consistent, this percentage change in

Figure 4. Neutral density reductions relative to the year 2000, at a CO2 concentration of 639 ppm, under varying solar activity
conditions.

Figure 5. Neutral density reductions (scaling factors) at 400 km altitude. Bins outlined in red indicate low F10.7 runs at 70 sfu
(reprocessed from Brown et al. (2021)), orange are high F10.7 (200 sfu of Figure 3), pink are varying F10.7 runs at a fixed
639 ppm (shown in Figure 4), and gray is the reference line (year 2000) where all ratios equal 1. Other bins are obtained by
2D cubic interpolation.
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neutral density per CO2 ppm can be calculated. Providing trends in units of “%/ppm” allows for validation through
direct comparison with the density reduction results from the period 2000–2020 of this study. The low solar
activity results are the middle of the range of historic observed trends. The high solar activity trend is smaller in
magnitude within the range of these studies. Observed trends in Table 1 calculated over all solar activity levels
were neglected as they did not match to the fixed solar activity levels used in the WACCM‐X simulations.

Recent trends calculated through the solar minima of 2008 and 2020 have had
to contend with the uncommonly low solar activity of these solar minima
years, during which the empirical thermospheric models used to remove solar
variability before trend calculation over‐predict neutral densities. This
changes calculated long‐term trends, as demonstrated by Emmert (2015) and
their two trends calculated over different periods, as summarized in Table 1.
This phenomenon convoluted validation through comparison of the scaled
neutral densities of empirical models with accelerometer‐derived densities
from satellites such as the Gravity Recovery and Climate Experiment (Siemes
et al., 2023), and the TLE‐derived densities of Emmert (2015).

The Intergovernmental Panel on Climate Change (IPCC) has published the
Shared Socioeconomic Pathways (SSPs) which contain future possible CO2

concentrations (Lee et al., 2023). These reduce the extensive possibilities in
the literature to a limited number of scenarios which can be commonly used
between studies. Four of the SSPs (SSP1‐2.6, SSP2‐4.5, SSP3‐7.0, and SSP5‐
8.5), shown in Figure 7, represent a subset of the SSPs which range across the
possible CO2 concentration projections, while also being similar to the older
RCPs. For additional context, SSP1‐2.6 represents a “best‐case” scenario
where the CO2 concentration peaks at 474 ppm around the year 2065, and
then begins to reduce as carbon capture technologies remove more CO2 than
is emitted. In contrast, SSP5‐8.5 represents a “worst‐case” scenario where this
is continued and accelerating CO2 emissions through increasing fossil fuel
usage. SSP2‐4.5 and SSP3‐7.0 are then chosen to represent middle CO2

Figure 6. Historic density trends at 400 km of Table 1 mapped into CO2 concentrations and taking the year 2000 as a
reference point, along with the 2000 to 2020 density reductions modeled in this study. Subfigures show low and high solar
activity conditions. Emmert (2015) appears twice as the trend was calculated over two different periods.

Table 3
Summary of Observed (Derived) Neutral Density Trends at 400 km Altitude
Under Low and High Solar Activity Levels, Converted to Trends Stated in
Carbon Dioxide Concentration (%/ppm)

Study Solar activity Period %/ppm

Keating et al. (2000) Low 1976–1996 − 0.329

Emmert et al. (2004) Low 1996–2001 − 0.223

Emmert et al. (2008) Low 1967–2007 − 0.370

Saunders et al. (2011) Low 1970–2010 − 0.466

Emmert (2015) Low 1967–2005 − 0.208

Emmert (2015) Low 1967–2013 − 0.462

This study Low 2000–2020 − 0.402

Emmert et al. (2008) High 1967–2007 − 0.139

Saunders et al. (2011) High 1970–2010 − 0.255

Emmert (2015) High 1967–2005 − 0.201

This study High 2000–2020 − 0.157

Note. Period has been included to highlight if the trend was calculated
through the 2008 solar minimum.
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concentration projections between the two extremes, representing “middle‐
of‐the‐road” and “minimal adaptation” scenarios respectively.

The F10.7 and CO2 dependence of the neutral density reductions at 400 km
are shown in Figure 5. By assuming an empirical model gives a true repre-
sentation of the year 2000, these neutral density reductions can be used as
scaling factors. The neutral densities output by an empirical model (i.e.,
NRLMSISE‐00) can be multiplied by the scaling factors to account for the
CO2 induced neutral density reductions. The scaling factors (neutral density
reductions) can then also be mapped to each SSP's future CO2 concentrations,
as shown in Figure 8. These scaling factors are included in the published data,
with altitude, F10.7 and CO2 dependence, or mapped to the SSPs so only the
future F10.7 dependence needs to be specified. This allows empirical models
to be used for long‐term orbital propagation or debris environment modeling
while accounting for thermospheric CO2 trends and maintaining the
computation speed of empirical models required for these applications.

Solar activity has a substantial impact on neutral density reductions, but solar activity forecasts on the order of
years to decades are notoriously difficult (Nandy, 2021). To demonstrate the solar activity impact, solar cycles 23
and 24 are repeated in Figure 8. These density reductions are applied in addition to the order‐of‐magnitude change
in neutral density caused by solar activity, and can be applied to output from empirical models (by assuming that
model is an accurate representation of the year 2000). In the SSP1‐2.6 scenario, as CO2 concentrations peak and
decline, neutral densities begin to recover. However, looking at this “best‐case” scenario, the reduced neutral
densities are between 13% and 30% lower during the peak CO2 period, which will substantially increase orbital
lifetimes. In general, this will increase the likelihood of collision during an object's lifetime, creating more
fragments, which further increases the likelihood of collision in a feedback loop. This is being investigated in
further work.

7. Conclusions
WACCM‐X has been used to simulate the thermospheric response and contraction to increasing CO2 concen-
trations under varying solar activity conditions. In general, the neutral density reductions increase in magnitude
with altitude, increase with carbon dioxide concentration, and decrease with solar activity (F10.7). Through use of

Figure 7. Future carbon dioxide concentration taken from four of the Shared
Socioeconomic Pathways (SSPs) published by the Intergovernmental Panel
on Climate Change (Lee et al., 2023).

Figure 8. Density reductions (scaling factors) under the four Shared Socioeconomic Pathways (SSPs) shown in Figure 7.
Solar cycles 23 and 24 are repeated into the future to demonstrate the impact of solar activity. Subfigure (d), showing SSP5‐
8.5, ends in 2080 as higher CO2 values were not modeled.
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the CO2 concentration scenarios from the SSPs, neutral density reductions (scaling factors) can be mapped onto
future years. These scaling factors are being made available as a method of including carbon dioxide‐induced
neutral density reductions in empirical models, as a much faster solution compared to numerical models. This
requires assuming the empirical model, is an accurate representation of the year 2000. However, this opens up
including long‐term trends into applications such as orbital propagation, lifetime estimation, or space debris
environment evolution, and without the need to fully replace the currently used atmospheric models.

Data Availability Statement
The authors acknowledge the contributions of those who helped develop CESM and WACCM‐X. These models
are publicly available from http://www.cesm.ucar.edu/models/. The data produced and processed for this study is
available at: https://doi.org/10.5285/09198c58032d4b8197fd7c6748b92785.

The scaling factors allowing empirical models to account for CO2 reductions are available at: https://doi.org/10.
25500/edata.bham.00001075.
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