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Abstract We examine the thermal structure of the mesosphere and lower thermosphere (MLT) using
observations from 2002 through 2021 from the SABER instrument on the NASA TIMED satellite. These
observations show that the MLT has significantly cooled and contracted between the years 2002 and 2019
(the year of the most recent solar minimum) due to a combination of a decline in the intensity of the 11-year
solar cycle and increasing carbon dioxide (CO,.) During this time the thickness of atmosphere between the

1 and 10~* hPa pressure surfaces (approximately 48 and 105 km) has contracted by 1,333 m, of which 342 m
is attributed to increasing CO,. All other pressure surfaces in the MLT have similarly contracted. We further
postulate that the MLT in the two most recent solar minima (2008-2009 and 2019-2020) was very likely the
coldest and thinnest since the beginning of the Industrial Age. The sensitivity of the MLT to a doubling of CO,
is shown to be —7.5 K based on observed trends in temperature and growth rates of CO,. Colder temperatures
observed at 10~ hPa in 2019 than in the prior solar minimum in 2009 may be due to a decrease of 5% in solar
irradiance in the Schumann-Runge band spectral region (175-200 nm).

Plain Language Summary The region of the atmosphere from 48 to 105 km (30 miles to 65 miles)
above the Earth's surface is called the mesosphere and lower thermosphere or MLT. In this paper we show that
the MLT has cooled dramatically from the year 2002-2019, by as much as 1.75 to 19 K (3.1-34.2 degrees
Fahrenheit), depending on altitude. These results are obtained from temperatures measured by an instrument on
a satellite in low Earth orbit since 2002. The observed cooling is attributed to a reduction in solar activity that
influences the MLT temperature and to an increase of carbon dioxide (CO,) in the MLT. The observed cooling
of the MLT due to increasing CO, is an expected result. Between 2002 and 2019 the MLT contracted or shrank
by up to 1,333 m or over 4,700 feet. A total of 342 m (1,142 feet) of this shrinkage is attributed to increasing
CO, and is considered a permanent change to the atmosphere. Our results also show that the MLT is expected
to cool by 7.5 K (13.5 degrees Fahrenheit) due to a doubling of CO, which is a benchmark calculation often
used for comparison with other results.

1. Introduction

“Since carbon dioxide (CO,) plays a significant role in the heat budget of the atmosphere, it is reasonable to
suppose that continued increases would affect climate.” With these words, the late Verner Suomi eloquently stated
the hypothesis of climate change science in 1979, in his foreword to the seminal “Charney Report” (National
Research Council, 1979) on the role of CO, and climate. The remarkable prescience of the Charney Report was
noted upon its 40th anniversary (Nicholls, 2019). Specifically, the scientists who developed the report under the
direction of the late Jule Charney predicted that, for a doubling of CO, in Earth's atmosphere, the Earth's surface
air temperature would warm by approximately 3 C, with a probable error of 1.5 C. Prior to the Charney report,
Sawyer (1972) made the case for a warming troposphere due to increasing CO, and presciently predicted 0.6 K
warming by the year 2000. Remarkably, the most recent assessment of Earth's equilibrium climate sensitivity
(ECS) (i.e., the average global surface air temperature change after a doubling CO,) (Sherwood et al., 2020) sets
its bounds between 2.3 and 4.5 C, nearly identical to the Charney report range.

Verner Suomi's hypothesis statement, “carbon dioxide plays a significant role in the heat budget of the atmos-
phere” is true throughout the entire perceptible atmosphere from Earth's surface to the edge of space. It has long
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been known that infrared radiation from CO, (and ozone and water vapor) in the stratosphere, mesosphere, and
lower thermosphere (to about 130 km altitude) work to balance the (largely ultraviolet) energy from the Sun
absorbed in these regions by ozone and molecular oxygen (Curtis & Goody, 1956; Dickinson, 1984; Kuhn &
London, 1969; London, 1980; Mertens et al., 1999; Mlynczak, Hunt, et al., 2018; Mlynczak et al., 1999, 2010;
Roble & Dickinson, 1989). Infrared radiation from nitric oxide (Kockarts, 1980; Mlynczak, Hunt, et al., 2021)
and the two fine structure lines of atomic oxygen (Bates, 1951), in addition to that from CO,, are key compo-
nents of the energy budget of the middle and upper thermosphere. Heat conduction also removes energy from
the middle and upper thermosphere by transporting heat downward into the lower thermosphere where it is
radiated by CO, in the “heat sink” region (Mlynczak, Knipp, et al., 2018) between 90 and 135 km. Thus, to
paraphrase Suomi, it is reasonable to suppose that increasing CO, will have an impact on the climate of the strat-
osphere, mesosphere, and thermosphere as well. More specifically, since the effect of CO, is to cool the upper
atmosphere, it is expected that a decline in the temperature of the upper atmosphere would be observed in time
as CO, increases (Cicerone, 1990; Roble & Dickinson, 1989). Indeed, this cooling has been observed over the
past 40 years, from the stratosphere and extending up into the geospace environment at altitudes of low-Earth
orbiting satellites (Emmert, 2015; Garcia et al., 2019; Randel et al., 2017; Zhao et al., 2021). In addition, Garcia
et al. (2019) also showed good agreement between observed trends and modeled trends, within the measurement
and model uncertainties. Trends derived by Zhao et al. (2021) and by Garcia et al. (2019) using SABER data
show a general agreement. However, Zhao et al. (2021) derived trends at fixed altitudes while Garcia et al. (2019)
derived trends on pressure surfaces, as we also do in this paper. The results of Zhao et al. (2021) cannot be directly
compared with those of Garcia et al. (2019) or with those presented herein because trends at fixed altitudes will be
impacted by the contracting of the atmosphere, which we show to be significant. The temperature trends derived
in the present work will be shown to be consistent with Garcia et al. (2019) on common pressure surfaces.

The purpose of this paper is to examine trends in temperature, geopotential height (GPH), and thickness of layers
in the atmosphere between 1 and 10~* hPa between 2002 and 2021. We also ascribe the causes of these changes
and trends to increasing CO, and to the progressively weaker solar cycle during this time. Recent minima in
temperature in the mesosphere and lower thermosphere (MLT) are placed in historical context, considering the
buildup of CO, since the beginning of the Industrial Age. Conditions induced by the solar cycle are expected to
be cyclical while the long-term trend of the MLT temperature is toward a permanently colder state. We further
show how the derived trends can place a boundary on the sensitivity of the MLT to doubled CO,. These observa-
tions, coupled with analysis of the CO, concentration and solar activity over the past several hundred years lead
to the conclusions that (a) the MLT is cooling and contracting, and (b) the MLT in the two recent solar minima,
2008-2009 and 2019-2020, was very likely the coldest and thinnest since the beginning of the Industrial Age due
to the combination of low solar activity and increasing CO,.

In Section 2 we present the methodology used to analyze the SABER observations of temperature, GPH, and
thickness from January 2002 through December 2021. These are evaluated considering the observed solar activ-
ity and observed increases in CO, over the last 20 years. In Section 3 we examine the growth rate of CO, and
propose hypotheses on MLT temperatures extending back to the beginning of the Industrial Age. In Section 4 we
examine radiative relaxation times and derive the sensitivity of the MLT temperature to a doubling of CO,. In
Section 5 we examine and discuss uncertainties in SABER data and the analyses and possible implications for the
results presented herein. A summary in Section 6 concludes the paper.

2. Methodology

The SABER instrument on the TIMED satellite has been deriving vertical temperature and GPH profiles in
the MLT since January 2002. Remsberg et al. (2008) and (Garcia-Comas et al., 2008) provide an assessment
of SABER temperature quality, which is discussed further in Section 5. Remsberg et al. (2008) also discuss the
derivation of GPH.

In this paper we use SABER Version 2.07 and 2.08 temperature and GPH data. These data are available for both
day and night continuously. For the retrieval of SABER temperature in these versions, the required CO, concen-
tration is provided by the Whole Atmosphere Community Climate Model (WACCM) (Gettelman et al., 2019).
We begin by computing daily global averages of temperature and GPH on the 1, 107!, 102, 1073, and 10~* hPa
pressure surfaces from January 2002 through December 2021. (These data, comprised of over 7,200 points per
time series, are shown in Figures 1-3). The separation in pressure surfaces by a factor of 10 is to facilitate the

MLYNCZAK ET AL.

20f 17



A~y )
NI Journal of Geophysical Research: Atmospheres 10.1029/2022JD036767

ADVANCING EARTH
AND SPACE SCIENCE

SABER Daily Global Average Kinetic Temperature

260 ~1.0E-D4 hPa

240
220 f
200 F

" 10E-03 hPa

190 | Il

180 [ A .
r " 1.0E-02 hPa

200

190 |

Temperature (K)

*1.0E-D1 hPa]

N
w
o

220 |
270 b : ; : ‘ i ’ ‘ "1.0E+00 hPa]

260 WNWWWWWWWWWWWW

2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022
Year

Figure 1. Daily global average (55°N to 55°S) temperature (K) at five different pressure levels from January 2002 through
December 2021. More than 7,200 days of data are plotted for each pressure level.

assessment of the contraction of the atmosphere throughout the MLT. The range in pressures cover atmospheric
regions from the lower boundary of the mesosphere (as we define it for this paper) into the lower thermosphere
over an approximate altitude range of 48—105 km. We define the thickness as the difference in GPH between two
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Figure 2. Daily global average (55°N to 55°S) geopotential height (GPH, m) at five different pressure levels from January
2002 through December 2021. More than 7,200 days of data are plotted for each pressure level.
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Figure 3. Daily global average (55°N to 55°S) thickness (m) at five different pressure levels from January 2002 through
December 2021. More than 7,200 days of data are plotted for each pressure level.

pressure surfaces. Changes in this difference reflect the expansion and contraction of the atmosphere between the
respective pressure surfaces.

The following metrics related to long-term changes are assessed in this paper: changes in temperature, GPH, and
thickness and attribution of those changes to the declining strength of the solar cycle and to the increase in CO,
over the past two decades. Trends and attributions are attained by first computing global annual means of temper-
ature and GPH for the 20-year time span 2002 through 2021 from the time series in Figures 1-3. Here “global”
is defined as the region between +55° in latitude that SABER observes continuously. The global annual mean
thickness is computed relative to the 1 hPa surface for the remaining four surfaces by differencing the respective
global annual mean geopotential heights. The TIMED satellite orbit is such that all local times are sampled every
60 days. The movement of the Sun relative to the spacecraft over this time requires the spacecraft to conduct a
“yaw” maneuver that rotates the spacecraft 180° to keep SABER and its thermal radiator pointed away from the
Sun. We therefore define an annual mean to encompass six consecutive yaw cycles (360 days). Year 1 begins on
22 January 2002 and Year 20 ends on 20 December 2021. This averaging approach removes the effects of tides
(diurnal and semidiurnal variations of temperature) on the resulting time series. These annual mean data are
shown in Figure 4.

The GPH and temperature time series are screened for anomalous values. The GPH data were screened to check
whether the values at a given pressure level were more than +5 km from the mean of the values at that pressure
level. Those values were considered outliers since most values (99.3%) are with + 1 km of the mean. A total of
48 days out of the 7,281 days in the time series contained anomalous values and are removed from the daily global
mean GPH time series on all pressure surfaces. These same 48 days are also removed from the daily global mean
temperature time series and were found to eliminate all the anomalous temperature values as well.

To compute trends and attribute changes to temperature, GPH, and thickness, multiple linear regression (MLR) is
applied to the 14 global annual time series (five temperature time series, five GPH time series, and four thickness
time series). The regression is of the form G = a + b X F10.7 + ¢ X t, where G is the quantity temperature, GPH,
or thickness, F10.7 is the annual average of the F10.7 solar radio flux index, and ¢ is time. The slope “c” is the
trend in the quantity computed in a time unit of per year. We note Garcia et al. (2019) included in their MLR two
terms related to the quasi-biennial oscillation and one term for stratospheric aerosol in addition to F10.7 and time.
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Figure 4. (a) Change in the global annual mean geopotential height (GPH, m) from the year 2002 on the five pressure levels
indicated in the color code underneath Figure 2c. (b) Change in global annual mean temperature (K) from the year 2002 on
the five indicated pressure levels. (c) Change in global annual mean thickness (m) from 2002 for the four pressure levels
indicated. The thickness is defined as the difference between the global annual mean GPH on the indicated pressure level and
the global annual mean GPH at 1 hPa.

These parameters did not significantly influence their derived trends and so we do not consider these or other

terms in the MLR results presented here.

We report the attribution of the observed changes from 2002 to 2019 as solar minimum occurred in late 2019. The
change in T, GPH, or thickness due to increasing CO, is taken to be the trend value (“c””) multiplied by 18 years.
The change due to weakening of the solar cycle since 2002 is taken as the difference between the observed total
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Table 1

Observed Changes From 2002 to 2019 in Global Annual Mean Temperature, Geopotential Height (GPH), and Thickness
(Relative to 1 hPa) (Obs. Change); the Trend in Each Quantity Due To Increasing CO, (Derived Trend); the Estimated
Magnitude of the Change in Each Quantity Due To Increasing CO, (A CO,); and the Estimated Magnitude of the Change
in Each Quantity Due To Declining Solar Activity (A Solar)

Quantity P (hPa) Obs. Change Derived trend A CO, A Solar

Temperature 1 -1.77K —0.55 + 0.07 K/dec -0.99K -0.78 K
10~! -2.05K —0.63 + 0.11 K/dec -1.13K —-092K
1072 -3.01K —0.53 £ 0.17 K/dec —-095K —-2.06 K
1073 -5.12K —0.51 + 0.17 K/dec —-0.92 K —420K
10~* —19.05 K —2.60 + 0.67 K/dec —4.68 K —-14.37K

GPH 1 —12I m —8 + 12.3 m/dec —144m —106.6 m
107! —240 m —47 + 12.9 m/dec —84.6 m —1554 m
102 —397 m —84 + 14.9 m/dec —151.2m —245.8 m
1073 —761 m —127 + 20.0 m/dec —228.6 m —532.4 m
10~ —1,454 m —197 + 33.6 m/dec —354.6 m —1,099.4 m

Thickness 10~! —118 m —40 + 3.7 m/dec =72 m —46 m
102 —-276 m —77 + 13.4 m/dec —138.6 m —137.4m
1073 —640 m —119 + 18.5 m/dec —214.2 m —425.8 m
10~* —1,333 m —190 + 31.6 m/dec —342 m —-991 m

Note. One-sigma trend uncertainties are also listed in the derived trend column.

change between 2002 and 2019 and the computed change due to increasing CO,. These results are shown in
Table 1.

2.1. SABER Observations of MLT Temperature, Geopotential Height, and Thickness Changes From
2002 to 2019/2020

The daily global average time series of temperature, GPH, and thickness are shown in Figures 1-3 on the pres-
sure levels as indicated. Substantial variability is visually evident on many time scales. In Figure 1 and on the
107! hPa surface, a clear annual cycle in temperature is evident while at 1073 hPa a semi-annual cycle is evident.
The 11-year solar cycle is visually evident on the 10~* hPa surface. The variability in GPH shown in Figure 2 is
markedly different than temperature. A strong annual cycle is visually evident in GPH at 1072, 1073, and 10~* hPa
while the 11-year solar cycle is visually evident at 10~ and 10~* hPa. The time series of thickness (difference in
GPH of indicated pressure level and the GPH at the 1 hPa level) in Figure 3 indicates a strong annual cycle for all
four layers of the MLT. In addition, the 11-year solar cycle is evident in the layers at 10~* and 103 hPa.

Figure 4 shows time series on each pressure surface of the global annual mean 7, GPH, and thickness (relative to
the 1 hPa surface) computed from the daily global mean time series in Figures 1-3. Since we are most interested
in changes of the three quantities, the values plotted in Figure 4 are the difference in each quantity from its value
in 2002. We will discuss differences relative to 2019 as the most recent solar minimum occurred in December
2019.

The first obvious result is that thickness (Figure 4c) of the four layers defined by their respective pressure levels is
less in 2019 and 2020 than in 2002, implying a contraction or cooling of the entire MLT over that time. Three of
the four layers exhibit evidence of the 11-year solar cycle in their time series. The overall trend is toward “thinner”
layers of the MLT. Attribution of the thinning will be addressed in Section 3. The increase in thickness at 10~* and
1073 hPa after 2019 is evidence of increasing solar activity with the onset of solar cycle 25.

Similarly, GPH is observed to decrease from 2002 to 2019/2020 on all five pressure levels (Figure 4a). The
observed decrease in GPH of the 1 hPa pressure surface (121 m in 2019, see Table 1) is indicative of a contract-
ing stratosphere (Pisoft et al., 2021). The observed decrease in GPH from 2002 to 2019 is 1,454 m (see Table 1).
The effects of the 11-year solar cycle are visually evident in the GPH time series in Figure 4a, particularly on
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pressure levels of 0.01 hPa or less. This is expected as the effects of the solar cycle are more predominant due to
the absorption of shorter wavelength and more variable (Coddington et al., 2016) ultraviolet radiation at higher
altitudes (lower pressures).

Figure 4b shows the difference in global annual average temperature on the five pressure surfaces since 2002. All
five pressure surfaces are colder in 2019 or 2020 than in 2002. The largest changes in temperature and evidence
of the solar cycle occur on the 1072, 1073, and 10~ pressure surfaces. These results, along with the GPH and
thickness results, point to a cooling and contracting MLT from 2002 to 2019.

2.2. Attribution of Changes in Temperature, GPH, and Thickness

A key question regarding the observed changes shown in Figure 4 is “what are the relative roles of increasing
CO, and of decreasing solar activity in producing these changes?”” As noted above, we apply MLR against time
and the F10.7 solar radio flux to the global annual average temperature, GPH, and thickness time series shown in
Figure 4. The MLR provides a slope (linear change of a quantity with time) which is interpreted as the quantity
rate of change due to increasing CO,. The change in each quantity due to increasing CO, (A CO, in Table 1) is
calculated from the product of the trend and a time span of 18 years (2002-2019, when the most recent solar
minimum occurred). The change due to the declining solar cycle intensity (A Solar in Table 1) is computed from
the total observed change and the change derived due to CO, increase.

Table 1 shows the results of these calculations. The three quantity names are listed in the left column, followed
by the pressure levels (hPa). The column labeled “Obs. Change” is the difference from 2002 to 2019 in the
global annual mean value of each quantity, on each indicated pressure surface. The Derived Trend column is
the trend in K/decade or m/decade computed from the linear regression process along with the corresponding
one-sigma uncertainty in the trend. The trends and uncertainties are derived using the REGRESS routine in the
IDL programming language. The results show a cooling and contracting mesosphere between 2002 and 2019.
The trends and trend uncertainties in temperature between 1 and 1073 hPa are consistent with the those derived
by Garcia et al. (2019).

Table 1 also shows GPH decreases ranging from 121 to 1,454 m between 1 hPa and 10~* hPa while the thickness
of the atmosphere layers relative to 1 hPa has decreased by 118—1,333 m. Overall the decreases in each quantity
due to increasing CO, and solar cycle intensity decrease are comparable at pressures greater than or equal to
107! hPa. At lower pressures the decline in solar cycle intensity is responsible for more of the observed changes.
At 10~* hPa the declining solar cycle is responsible for a cooling of as much as 14.37 K (out of a change of more
than 19 K), a decrease in GPH of 1,099.4 m, and a decrease in thickness of 991 m.

The derived trend in temperature of 2.6 K per decade (with a computed trend uncertainty of 0.67 K/decade) at
10~* hPa attributed in Table 1 to CO, increase is substantially larger than the trends at lower altitudes. Garcia
et al. (2019) did not evaluate trends at 10~* hPa so it is not possible to compare this result with their calculations.
However, it will be shown in the upcoming discussion on sensitivity of the MLT to increasing CO, that a 2.6 K
per decade trend is likely non-physical due to the large sensitivity in temperature to a doubling of CO, it implies.
In addition, the trend is four to five times larger than on the other four pressure levels. Figure 4b also shows that
the 10~* hPa pressure surface is 3 K colder during the most recent solar minimum in 2019 than in the prior solar
minimum from 2008 to 2009, which itself is often described as a “deep” minimum. These results raise two ques-
tions: (a) is the SABER temperature trend at 10~* hPa correct and (b) what is the cause of the colder temperature
at 10~ hPa in 2019?

The lower thermosphere above 100 km is strongly heated through the absorption of solar ultraviolet radiation by
molecular oxygen in the Schumann-Runge continuum (SRC) from 130 to 175 nm and in the Schumann-Runge
Bands (SRB) from 175 to 200 nm. This critical spectral region is measured by the SEE instrument on the TIMED
satellite (Woods et al., 2005) and by the SORCE satellite (Woods et al., 2022). We considered whether the
solar irradiance was significantly lower during 2019-2020 than during the prior minimum from 2008 to 2009
as a possible mechanism to account for the colder SABER temperatures observed at 10~* hPa in 2019 than
2008-2009. Woods et al. (2022), their Figure 14, show a statistically significant reduction of solar irradiance in
the SRB measured by SORCE of as much as 6% from 2008 to 2009 to 2019-2020. This will reduce the heating
rate in the lower thermosphere SRB by as much as 6%. Woods et al. (2022) also indicate a reduction in solar irra-
diance in the SRC of as much as 3% but it is not statistically significant. We suggest that the reduction of the solar
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Figure 5. Daily F10.7 solar radio flux (1 sfu = 1072 W m~2 Hz™!) from January 2002 through July 2022. The red boxes
indicate the years 2007-2010 and 2017-2020 around the two recent solar minima. F10.7 is not obviously lower in 2017-2020
than in 2007-2020.

irradiance in the SRB may be responsible for the colder observed temperatures in 2019 than in 2009 and that the
effects of such a reduction on temperature be examined in a modeling study with the WACCM.

Figure 5 shows the daily F10.7 solar radio flux from 2002 to 2022. The 3-year periods surrounding the two most
recent solar minima are highlighted by red boxes. F10.7 is not observed to be significantly less in magnitude in
2019-2020 than in 2008-2009. Therefore, the F10.7 index does not appear to replicate the observed decrease
in solar irradiance in the SRB by the SORCE instrument and therefore may not be a reliable proxy for trend
determination.

In summary, the SORCE results suggest two possible conclusions: (a) the decrease in observed SABER temper-
ature at 10~ hPa in 2019 may be associated with a decrease in the solar irradiance in the SRB, and (b) the F10.7
solar index does not correlate well with the observed decrease in the SRB irradiance nor with the observed
decrease in temperature at 10~* hPa, potentially making it unsuitable as a solar irradiance proxy for temperature
trend analysis in the lower thermosphere. Further research is needed to confirm these conjectures.

3. Growth Rate of Mesospheric CO, and Hypotheses of
Historical MLT Temperatures

420 i I i T T i CO, has been increasing in Earth's atmosphere since the start of the Indus-
400 ——SABER CO, at 80 km | trial Age. Measurements in the MLT by the SABER instrument (Rezac
——MaunalLoa CO, et al., 2018; Yue et al., 2015) have shown that the concentration of CO,
380 lee.care GO, 1 is increasing in the upper MLT (80 km and above) at a rate of 5%-6% per
= decade, similar to the rate measured at the Mauna Loa Observatory at Earth's
é 360 | surface. Figure 6 shows the growth of (global mean) MLT CO, from SABER
,I‘% 340 | (red curve), the observed growth of CO, measured at Earth's surface at
§ the Mauna Loa, Hawaii, Observatory (blue curve), and CO, from ice core
o 320 . records dating from Antarctica dating back to the start of the Industrial Age
© (green curve) (Frank et al., 2010). The observed MLT growth rate of CO, is
800 1 consistent with the record from Mauna Loa and with the record from the ice
280 | core. However, the CO, concentration (in ppm) in the MLT is less than at the
surface due to the transport lifetime between the tropopause and 80 km and
260 ‘ . : : : : to the impact of diffusive separation which reduces the CO, volume mixing

1700 1750 1800 1850 1900 1950 2000 2050 ratio above 80 km.

year

Figure 6. Observed CO, concentrations at the surface from the Mauna
Loa Observatory in Hawaii (19.54°N, 155.58°W) (blue curve), from the ice
core record (green curve), and in the mesosphere at 80 km from SABER
(red curve). The growth rates are observed to be consistent among all three
measurements.

The data in Figure 6 indicate that CO, at Earth's surface today is the largest
in over 270 years. Due to the correspondence in observed growth rates over
the last 20 years, we hypothesize that the MLT CO, is the highest now since
the start of the Industrial Age and very likely as far back as 1,000 years or
longer. This conclusion implies that the radiative cooling effects of CO, on
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Figure 7. The International sunspot number since 1700. This figure is directly from the Sunspot Index and Long-Term Solar
Observations (SILSO) website at the Royal Observatory of Belgium and was last updated on 1 August 2022. The data from
1700 to 1749 are the yearly average sunspot number (black shading). From 1749 to the present the data are the 13-month
smoothed sunspot number [http://www.sidc.be/silso/yearlyssnplot]. The numbers above each cycle enumerate each complete
solar cycle since the mid-1700s.

the temperature of the MLT are now larger than at any time since the beginning of the Industrial Age. We there-
fore postulate that the combined effects of increasing CO, and currently weak solar cycles make the two most
recent MLT solar minimum temperatures the coldest since the start of the Industrial Age. Figure 7 illustrates the
sunspot number since the start of the Industrial Age. The numerals above each cycle correspond to the sequence
of each complete solar cycle since then. Apart from the solar cycles 5, 6, and 7 between 1800 and 1830, the solar
cycles since 1750 are stronger than or comparable to the recently completed solar cycle 24. These three cycles
between 1800 and 1830 are substantially weaker than SC 23 and slightly weaker than SC 24, implying slight
cooling effects on the MLT at between 1800 and 1830 relative to today. However, the very low CO, abundance
between 1800 and 1830 would still result in a net warmer MLT than is occurring today.

4. Sensitivity of the MLT to Increasing Carbon Dioxide

A key metric in defining the long-term effects of increasing CO, on surface temperature is the ECS. In numerical
models, ECS is defined as the equilibrium temperature approached after an instantaneous doubling of CO,. Meehl
et al. (2020) provide a detailed review of the concept of ECS. In the real atmosphere, instantaneous doubling of
CO, does not occur and hence the challenge of determining the future magnitude of tropospheric global warming
from current observations. In the troposphere, CO, continues to increase monotonically while the energy balance
and temperature remain out of equilibrium (Loeb et al., 2021). The tropospheric energy imbalance is due to the
time scale of the lower atmosphere climate system to adjust to radiative perturbations associated with increasing
CO,, for the various cloud, water vapor, and lapse rate feedbacks to occur, and for the ocean heat storage to come
into equilibrium with the atmosphere.

In contrast, the timescales for the response of the stratosphere, mesosphere, and lower thermosphere to radiative
perturbations are much shorter and can be readily calculated from the infrared radiative cooling rates. Wehrbein
and Leovy (1982), Kiehl and Solomon (1986), Gille and Lyjak (1986), and Mlynczak et al. (1999) compute
the radiative relaxation time (z,

rad

) of the stratosphere and lower mesosphere as the timescale for Newtonian
damping, which is defined as the ratio of a change in temperature to the change in infrared cooling due to that
temperature change. 7, represents the time required for the atmosphere to reach 1/e (36%) its radiatve response
to a perturbation. Wehrbein and Leovy (1982) based their calculations on numerical model results while the
other authors used data from the Limb Infrared Monitor of the Stratosphere instrument that operated as planned
between October 1978 and May 1979. Mlynczak et al. (1999) also used data from instruments aboard the Upper
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Figure 8. SABER global annual mean temperature profiles for the years 2002, 2009, 2014, and 2020. The y-axis ranges from
0.01 hPa (~80 km) to 0.0001 hPa (~105 km).

Atmosphere Research Satellite that was launched in 1991. They found the radiative relaxation times from 100 to
0.1 hPa (approximately 15-65 km) to range from a few months in the lower stratosphere to ~10-20 days in the
lower mesosphere. These results indicate that the response of the stratosphere and lower mesosphere to thermal
perturbations is prompt and there is no long-term energy storage in these regions.

Infrared radiative cooling rates are computed as part of the SABER temperature retrieval algorithm under full
non-local thermodynamic equilibrium (non-LTE) using the Curtis matrix formulation, as described in Mlynczak,
Hunt, et al., 2018. Radiative cooling rates for 27 different vibration-rotation bands of CO, are computed for each
SABER temperature profile and are available as standard SABER data products. For each SABER temperature
profile, we compute the total infrared cooling using the nine most significant CO, vibration-rotation bands.

In the upper MLT (10~>-10~* hPa, ~80-105 km) the radiative response is driven by the response to thermal
changes and to changes in atomic oxygen because of the role of atomic oxygen in the CO, radiative cooling
rate under conditions of non-LTE. Thermal changes (e.g., due to the solar cycle) will also be accompanied by
changes in atomic oxygen, both of which influence the cooling rate under non-LTE, which is almost entirely due
to infrared emission from CO, in the upper MLT. Using SABER global annual mean temperature data and global
annual mean radiative cooling rates (due to CO, only), we evaluate an equivalent radiative relaxation rate based
on the observed atmospheric response to temperature and atomic oxygen variations from solar maximum to solar
minimum conditions. The equivalent radiative relaxation timescale 7, vertical profile is defined at each pressure
level (p) is defined as in Mlynczak et al. (1999):

AT (p)
AQ(p)

Teq(p) = (H
In Equation 1, AT(p) is a specified change in temperature and AQ (p) is the corresponding change in the observed
infrared radiative cooling rate, rather than a computed change in radiative cooling solely due to a temperature
perturbation. We use the SABER global annual mean 7(p) and Q(p) for 2002, 2009, 2014, and 2020. These
are shown in Figures 8 and 9. AT(p) and AQ(p) are evaluated by taking the difference in T(p) and in Q(p)
between 2002 and 2009, 2009 and 2014, and 2002 and 2020, representing differences between three different
solar maxima and minima. 7, is evaluated with the corresponding ratios.

Figure 10 shows 7, for the three cases and their average. The calculated 7, decreases from approximately 8 days
near 0.01 hPa to just over 1 day at 0.0001 hPa (105 km). These values of z,, are smaller than the ~7 days radiative
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Figure 9. SABER global annual mean radiative cooling rate profiles due to CO, for the years 2002, 2009, 2014, and 2020.
The y-axis ranges from 0.01 hPa (~80 km) to 0.0001 hPa (~105 km).

relaxation lifetimes of Wehrbein and Leovy (1982) at 95 km. The differences may reflect the influence of atomic
oxygen on the radiative relaxation which were not well-known or considered by Wehrbein and Leovy (1982). The
small values of 7, further indicate that the upper MLT will adjust promptly to additions of CO, and that there are
no slow feedbacks or long-term energy storage.

Proceeding from this result, we expect that the rate of change in temperature associated with changing CO,
(which we call here dT/0q) will be approximately constant over time or, equivalently, proportional to the rate of
CO, increase. From this, we can develop an estimate of the sensitivity of the MLT temperature (henceforth Sy, ;)
to a doubling of CO, using the SABER-observed temperature trends and the SABER-established result that the
growth rate of CO, in the MLT tracks that at the Earth's surface. We begin by defining S, ; as:

or
oq

SMLT =

Aq )

Radiative Relaxation Time
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Figure 10. Calculated equivalent radiative relaxation time (days) for the upper mesosphere and lower thermosphere based on
Equation 1 using global annual means cooling rates shown in Figures 6 and 7 for the years indicated in the figure. The curve
“Avg”is the average of the three curves.
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where 07/0q is the rate of change of mesospheric/lower thermosphere temperature with respect to the rate of
change of mesospheric/lower thermosphere CO, and Ag is the absolute change in the amount of mesospheric/
lower thermosphere CO, when doubled. The 07/0g term is estimated from the observed trends in temperature and
CO, from SABER by assuming the relation:

3

In Equation 3, dT/ot is the SABER-derived trend in temperature due to increasing CO, (Table 1) between 1 and
10~3 hPa ranging between —0.51 and —0.63 K/decade. At 10~* hPa, approximately 105 km, the derived trend is
—2.60 K/decade. The trend (dg,,,/0f) in current mesospheric CO,, g, in percentage terms, is approximately the
same as at the surface, currently about 5% per decade at current CO, levels (Rezac et al., 2018). Therefore, dg,,, /0t
is approximately 0.05 X g, (units of ppm per decade). Thus, we can write using Equation 1

0T . Oqem
S & —+ X A
MLT { o o } q 4)

The last term to define is Ag, the absolute change in CO, due to a doubling of CO, from pre-industrial times.
Define g, as the CO, concentration in the pre-industrial mesosphere. Its doubled value is simply 2g,, ;. The
difference, Aq is simply (2¢,,;~¢,,,) or Ag = g, Noting that to date, CO, at Earth's surface has increased
approximately 50% from pre-industrial levels, the CO, concentration in the current mesosphere, ¢, is then
L5 X g,,; because the mesospheric CO, growth rate track that at the surface. Thus, g, = q.,/1.5 and since
Ag = g, Ag also equals g, /1.5.

Using these relationships, Equation 4 can be rewritten as:

oT 1 Gem
S ~ — X — /X
MU { ot~ 0.05 X gem } 15 )

In Equation 5 the g, terms cancel and the Sy, 1 is then dependent only on the observed mesospheric temperature
trend (0T/ot), the observed rate of mesospheric CO, increase (5% per decade) and the observed fraction (1.5 or
50%) by which mesospheric CO, has changed since pre-industrial times. The range of S, ; based on the observed

range of temperature trend in the mesosphere is found to be —6.8 K to —8.4 K (for an average of —7.5 K) at pres-
sures greater than 102 hPa. That is, all else being equal, a doubling of CO, at Earth's surface, which leads to a
doubling of CO, in the mesosphere, will cool the mesosphere by 6.8-8.4 K. This agrees well with the prediction
made by Roble and Dickinson (1989) whose Figure 2 shows the doubling of CO, cools the MLT by 7-12 K.
However, at the 10~* hPa surface, the trend of —2.6 K/decade yields a value of S of 35 K, a value that Roble
and Dickinson show would only occur above 200 km. This result suggests that the derived trends in temperature
at 10~* hPa associated with CO, increase are very likely too large. We suggest the following two reasons for this:
(a) the challenge in deriving a small trend on top of a large solar cycle signal or (b) that F10.7 is not a suitable
proxy for solar variability at 10~* hPa. The latter possibility will be discussed in Section 5. Based on the average
Suir at pressures greater than 10=3 hPa, we estimate that the mesosphere has cooled by approximately 3.75 K
since the start of the Industrial Age due to increased CO,.

5. Discussion of Uncertainties in SABER Temperature Data

The potential sources of uncertainty that may affect SABER temperatures (and hence, GPH and thickness)
include measurement error in the form of random and systematic error uncertainties in the SABER radiance
measurements, in the algorithm used to derive temperature, and possible long-term drift of instrument calibra-
tion. The uncertainties in SABER temperature data are extensively discussed in Mertens et al. (2001), Remsberg
et al. (2008), and Garcia-Comas et al. (2008), hereafter collectively referred to as “MRG.” Mlynczak et al. (2020)
showed that the stability of the SABER calibration was between —0.1 K/decade and —0.2 K/decade in global
average stratospheric temperature between 55°N and 55°S, the same latitude range as in this current paper. That
is, if SABER was observing a constant temperature over time, the drift in instrument calibration would induce
a false negative trend as large as 0.1-0.2 K/decade. Given that SABER was designed and built beginning over
25 years ago for a nominal 2-year mission, the demonstrated stability is remarkable, although it is a non-negligible
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fraction of the observed trend in temperature in the middle atmosphere. Because the stability represents a very
slow change in calibration, the stability at all pressure levels would be expected to follow that derived for the
stratosphere. Based on the results presented in this paper, we conclude calibration stability is not the cause of the
observed changes and trends in temperature, GPH, and thickness presented in this paper. The results do point
out the importance of instrument calibration for all future instruments that will succeed SABER. In addition,
temperature uncertainty due to random errors in SABER radiances discussed in MRG are insignificant in the
highly averaged results presented here.

SABER temperatures are derived from measurements of infrared emission from the vibration-rotation bands of
CO, in the 15 pm spectral region. In the upper MLT these bands are well-known to depart from LTE. The funda-
mental band of the bending mode dominates the measured emission above about 80 km. Collisions between CO,
and atomic oxygen are critically important in determining the degree of non-LTE in the fundamental band. There-
fore, the atomic oxygen concentration and the rate coefficient for collisional quenching of the first vibrational
state of the bending mode of CO, are critical parameters in the non-LTE model. The CO, concentration is also
a critical parameter in the retrieval of temperature, and as discussed above, is provided by the WACCM model.
MRG extensively review the sensitivity of retrieved temperatures to these parameters.

The rate coefficient for O-CO,(v,) quenching used in the SABER operational retrievals is taken from Sharma and
Wintersteiner (1990). As this rate coefficient is fixed in the SABER retrieval, the only uncertainty expected to enter
into the trend analysis is through errors in temperature causing errors in the rate coefficient via the temperature
sensitivity of the coefficient. It is straightforward to show using Equation 1 of Sharma and Wintersteiner (1990)
that a 25 K error in temperature results in a 12% error in the rate coefficient. We therefore discount the rate coef-
ficient uncertainty as a source of the observed temperature, GPH, and thickness trends.

MRG have shown that errors in the CO, concentration and the atomic oxygen concentration can have a marked
effect on the retrieved temperatures. In the SABER Version 2.07 and 2.08 temperature data used in this study,
CO, and atomic oxygen concentrations are provided by numerical models above 90-95 km. The CO, data are
monthly means from the NCAR WACCM and are updated for the observed growth in the CO, concentration.
The atomic oxygen is taken from the MSIS 2000 model (Picone et al., 2002) and is largely determined by the
F10.7 index. As shown in Figure 5, F10.7 varies with the solar cycle, is approximately the same during both solar
minima, and visually exhibits no long-term trend. There is a trend in the CO, in the WACCM model that mimics
the observed trend of CO, in the atmosphere. We therefore conclude that the observed trends in temperature are
not associated with trends in the atomic oxygen or CO, concentrations used in the non-LTE calculations in the
SABER temperature retrieval algorithm.

The derived temperature trend at 10~* hPa is substantially larger than at the other four pressure levels and appears
to be non-physical based on the large value that it implies for S, . There are two probable causes for this large
trend not related to the SABER retrieval algorithm. First, if the cooler temperatures in the 2019 minimum are
due to a reduction in solar irradiance in the 175-200 nm region from the 2009-2009, as indicated in Woods
et al., 2022, F10.7 does not appear to pick this up. If so, the use of F10.7 as a proxy for solar irradiance would not
pick up the solar variability, and hence a larger temperature trend would be derived. We carried out experiments
with a synthetic irradiance proxy that did show a decrease in irradiance in 2019 relative to 2008-2009 and the
calculated trend at 10~* hPa was reduced by as much as one-half. A second cause of the large trend is the rela-
tively small magnitude of the trend in temperature due to CO, increase relative to the magnitude of the change
due to the variability of the solar cycle. The size of the natural variability relative to the size of the trend may
require a longer data set, more accurate solar proxies, and more accurate temperature data for MLR to accurately
derive the trend.

Finally, we note that an error in SABER temperatures above ~85 km due to a non-physical trend in CO, from
2020 onward was discovered and corrected in mid-2022. The WACCM CO, provided to the SABER temperature
algorithm from 2020 onward was taken from a different version of the model than had been used through 2019.
This new version had a larger CO, concentration above 85 km than the other version, by as much as 15%. Conse-
quently, a large cooling trend was induced in the SABER temperature record, particularly above 90-95 km, from
2020 onward. Upon discovering this (in early summer, 2022), the entire SABER data set was reprocessed from
2020 onward with the version of WACCM that is consistent with all prior years. The temperature data presented
in this paper are the reprocessed and consistent temperatures from 2002 onward. The SABER team is preparing a
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Figure 11. SABER global annual mean temperature profiles for years 2002, 2009, 2019, and 2021. See text for discussion.

separate paper on the topic of algorithm instability in long-term data records to highlight the importance of stable
algorithms in detecting long-term changes. The SABER data from 2020 onward is referred to as version 2.08.

6. Summary

CO, has been increasing in Earth's atmosphere due to the combustion of fossil fuels since the beginning of the
Industrial Age. The increase of CO, has been predicted to alter the thermal structure of the atmosphere from
Earth's surface to the edge of Space. In this paper, we have shown the combined effects of increasing CO, and
declining solar activity on the temperature and thickness of the MLT over the 20-year period from 2002 to 2021
that included two deep solar minima.

Bailey et al. (2021) have noted that “With regard to the geometric heights of mesospheric pressure levels, model
studies (Akmaev et al., 2006; Liibken et al., 2009, 2013; Liibken & Berger, 2011) indicate a shrinking of the
height of the mesosphere attributed to greenhouse gas cooling. This contraction lowers the height of mesospheric
pressure levels and leads to cooling just below the heights of polar mesospheric cloud heights and warming just
above (e.g., Liibken & Berger, 2011; Liibken et al., 2013.) Bailey et al. (2021) further comment that they know
of no observational studies to date of trends in mesospheric pressure heights, but Friedrich et al. (2017) have
suggested such trends based on studies of observed D and E-region electron densities. The SABER GPH results
presented here document for the first time the contraction of the near-global MLT since 2002.

The SABER data and consideration of solar activity and the growth of CO, since the late 1700's strongly suggest
that the MLT during the recent two solar minima are the coldest since the onset of the Industrial Age. Figure 11
shows the global annual mean temperatures for 2002, the solar minima years of 2009 and 2019, and the most
recent complete year, 2021. The years 2009, 2019, and 2021 are all colder than 2002 throughout the MLT over
the indicated pressure range. The year 2019 is colder than all other years for pressures less than 0.007 hPa. 2009 is
slightly cooler than 2019 between the pressures of 0.007 and 0.025 hPa, and they are essentially identical between
0.025 and 0.1 hPa. The year 2021 is very slightly cooler than 2009 and 2019 at pressures greater than 0.007 hPa.
These results reinforce the concept that the current and most recent solar minima time periods very likely corre-
spond to the coldest conditions in the MLT since the start of the Industrial Age. In addition, consideration of
the rapid temporal response of the MLT to radiative perturbations leads to the derivation of the sensitivity of the
MLT to a doubling of CO, to be —7.5 K. As the CO, concentration is currently about halfway to doubling since
pre-industrial times, we conclude that the MLT has cooled by about —3.75 K since the mid-1700's.
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A detailed consideration of the uncertainties in SABER temperatures leads to the conclusion that various errors in
the temperature retrieval process are not responsible for the derived trends in 7, GPH, and thickness. The seem-
ingly too-large trend at 10+ hPa may be due to a decrease in solar irradiance not captured by the F10.7 proxy
used in the MLR trend determination. In addition, the small magnitude of the trend relative to the magnitude of
the solar variability likely requires both a longer data record and a more accurate solar proxy to enable accurate
trend detection at that pressure level.

The possibility that a reduction in solar irradiance in the Schumann-Runge band spectral region (175-200 nm)
that is not characterized by the F10.7 index but is responsible for colder temperatures at 10~ hPa in 2019 than
in 2009 raises a broader question about solar irradiance proxies used in multiple linear regressions. F10.7 is a
monochromatic index representing the variability of solar irradiance at 10.7 cm and whose time series dates
from 1947. It is widely used as a proxy representing many facets of solar variability because of its longevity and
availability. However, in the upper MLT, solar heating occurs through absorption of ultraviolet radiation at Ly-o
wavelength (121.5 nm), in the SRC (130-175 nm), and in the SRB (175-200 nm). Over a solar cycle the solar
irradiance varies substantially with wavelength across the 121-200 nm interval. In addition, the molecular oxygen
absorption cross sections in the SRB are temperature dependent, adding an additional wavelength-dependent
solar-cycle dependence to the solar heating. Furthermore, substantial heating is accomplished by exothermic
chemical reactions which are the by-products of the solar photolysis of O, and H,O in the ultraviolet. These reac-
tions are liberating large amounts of solar energy, often long after and far away from the location of the photolysis
event (Mlynczak & Solomon, 1993). It would indeed be surprising if a single, monochromatic index (i.e., F10.7)
adequately represented the effects of solar variability on the thermal structure of the upper MLT. It seems very
likely that multiple solar proxies, perhaps the ultraviolet solar irradiances themselves, should be used in multiple
linear regressions in place of F10.7. We plan to examine this possibility in more detail in the near future.

Understanding the long-term evolution of the temperature and density of the MLT is much more than a scientific
interest. Mlynczak, Yue et al. (2021) discuss potential consequences for the habitability of the space environment
due to increasing CO, and subsequent cooling in the MLT. The associated cooling and contraction of geospace
results in less aerodynamic drag on space vehicles—and on space debris. Already a problem, increasing and
longer-lived space debris pose a potential threat to habitability of space and frequently used orbital planes. It
seems likely that ongoing changes in space climate will become important issues in space law, space policy, and
in the business of underwriting insurance for endeavors in space. Continued observations of the MLT in addition
to those of the lower atmosphere and the geospace environment are essential to verify, understand, and ultimately
mitigate multiple ongoing changes to the entire atmosphere and their likely impacts on the global and space
economies.

Data Availability Statement

All SABER data used in this paper is available from the SABER project data server at http://saber.gats-inc.
com/data_services.php (Remsberg et al., 2008; Garcia-Comas et al., 2008). The ice core CO, data in Figure 6 is
obtained from: https://www.ncei.noaa.gov/pub/data/paleo/contributions_by_author/frank2010/smoothedco?2.txt
(Frank et al., 2010). The F10.7 Solar Radio Flux data are obtained daily from the National Space Weather Predic-
tion Center. Users can get the historic data from: ftp://ftp.swpc.noaa.gov//pub/indices/old_indices. Note that most
popular web browsers and some computer operating systems have dropped built-in support for the FTP protocol.
A separate FTP client should be used instead. Additional data analyses were done using ENVI version 4.8 (Exelis
Visual Information Solutions, Boulder, Colorado).
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