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Key Points:
• The longest running upper atmospheric
CO2 data set reported
• The relative CO2 trend in the lower
thermosphere is much larger than
predicted by models
• The CO2 trend is asymmetric between
two hemispheres
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Carbon dioxide measurements made by the Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) instrument between 2002 and 2014 were analyzed to reveal the rate of
increase of CO2 in the mesosphere and lower thermosphere. The CO2 data show a trend of ~5% per decade at
~80 km and below, in good agreement with the tropospheric trend observed at Mauna Loa. Above 80 km, the
SABER CO2 trend is larger than in the lower atmosphere, reaching ~12% per decade at 110 km. The large
relative trend in the upper atmosphere is consistent with results from the Atmospheric Chemistry Experiment
Fourier Transform Spectrometer (ACE-FTS). On the other hand, the CO2 trend deduced from the Whole
Atmosphere Community Climate Model remains close to 5% everywhere. The spatial coverage of the SABER
instrument allows us to analyze the CO2 trend as a function of latitude for the ﬁrst time. The trend is larger in
the Northern Hemisphere than in the Southern Hemisphere mesopause above 80 km. The agreement
between SABER and ACE-FTS suggests that the rate of increase of CO2 in the upper atmosphere over the past
13 years is considerably larger than can be explained by chemistry-climate models.

1. Introduction
Carbon dioxide (CO2) has been constantly rising owing to human activities in the industrial age, mainly fossil
fuel combustion and deforestation [e.g., Keeling et al., 1976]. Because CO2 is chemically stable and can exist in
the atmosphere for a very long time [Solomon et al., 2009], it can alter the radiative forcing of Earth’s climate,
leading to warming at the surface [Intergovernmental Panel on Climate Change, 2007]. The annual mean
growth rate of CO2 at Mauna Loa Observatory, Hawaii, during 2000–2014 is about 5% per decade (for
example, http://www.esrl.noaa.gov/gmd/ccgg/trends/).
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CO2 is well mixed up to the upper mesosphere, where its mixing ratio falls off due to molecular diffusive
separation and photolysis [e.g., Lopez-Puertas et al., 2000; Garcia et al., 2014; Rezac et al., 2015, and
references therein]. Thus, anthropogenic increases in CO2 are expected to propagate upward up to the
lower thermosphere. Contrary to the well-known greenhouse effect in the troposphere, CO2 generally
produces infrared radiative cooling above the tropopause [Roble and Dickinson, 1989; Mlynczak et al.,
1999a, 1999b; Lopez-Puertas et al., 2000]. Presumably as a consequence of CO2 cooling and downward
heat conduction, the thermospheric density derived from satellite orbits has been decreasing for decades
[Emmert et al., 2008]. In order to understand secular changes in Earth’s upper atmosphere, it is crucial to
measure the CO2 abundance in that region and to monitor its long-term change [Qian et al., 2011].
Because most of the previous rocket or satellite CO2 measurements in the upper atmosphere had a rather
short duration and limited spatial coverage [Lopez-Puertas et al., 2000], there is a compelling need to monitor the CO2 trend in the upper atmosphere using long-duration satellite observations. Emmert et al. [2012]
reported the increase of COx (the sum of CO2 and CO) in the mesosphere and lower thermosphere (MLT)
between 2004 and 2012 using solar occultation data obtained by the Atmospheric Chemistry Experiment
Fourier Transform Spectrometer (ACE-FTS) on board the SCISCAT-1 satellite [Bernath et al., 2005; Beagley
et al., 2010; Foucher et al., 2011]. The measured global increase rate of 8–9% per decade at ~100 km was,
surprisingly, much faster than the 5% per decade predicted by a global-average 1-D model [Roble, 1995].
Increasing vertical mixing in the MLT in the 1-D model produced better agreement with ACE-FTS observations,
leading Emmert et al. to suggest an increasing trend in vertical diffusion as a possible cause of the large rate of
increase of CO2 observed in the upper atmosphere.
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Figure 1. Time series of SABER CO2 VMR averaged over 60 days (the SABER yaw cycle) and over the latitude range ±54° at
80 km (pink), 90 km (red), and 100 km (blue). The time series of CO2 measured at Mauna Loa Observatory is denoted in
black. The uncertainty is the 2σ standard deviation of the VMR data within 60 day periods.

An independent, longer, and more extensive satellite record of CO2 volume mixing ratio (VMR) is desired to
compare with the result of Emmert et al. [2012]. Two years prior to the SCISCAT-1 launch, on 7 December
2001, the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) instrument was
launched on the Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite [Russell
et al., 1999]. Both SABER and TIMED are still operating normally to date. The SABER CO2 VMR data set recently
became available at http://saber.gats-inc.com/ [Rezac et al., 2015]. The SABER CO2 data coverage extends from
2002 to the present, or about 2 years longer than the contemporary ACE-FTS CO2 data. Unlike the solar occultation measurement of the ACE-FTS, the SABER CO2 VMR is obtained from limb infrared emission measurements
and allows for more complete latitude coverage. An inversion algorithm has been applied to all the daytime
measurements resulting in more than 1 million CO2 VMR proﬁles, as compared to ~26,500 ACE-FTS proﬁles used
in Emmert et al. [2012]. More importantly, SABER has continuous and nearly homogeneous latitude/longitude
coverage at low and middle latitudes (±54°). Latitude coverage varies with time because TIMED performs a
yaw maneuver approximately every 60 days such that the SABER detector does not face the Sun directly; this
yields latitudinal coverage of 54°S–83°N and 54°N–83°S on alternate yaw cycles. In this paper, we present the
long-term trend derived from SABER CO2 VMR measurements in the MLT from 2002 to 2014. The observed
trend is compared to that predicted by the National Center for Atmospheric Research (NCAR) Speciﬁed
Dynamics Whole Atmosphere Climate Community Model (SD-WACCM) and to the ACE-FTS trend.

2. Observations
A two-channel algorithm (4.3 μm and 15 μm narrow band) is used to simultaneously retrieve proﬁles of kinetic
temperature Tk and CO2 VMR from SABER daytime radiances observed over the period from 2002 to 2014
[Rezac et al., 2015]. The uncertainty of retrieved CO2 VMR proﬁles is 15% at 80 km, reaches a minimum around
90 km (12%) and grows again to 32% at 110 km [Rezac et al., 2015]. The predominant uncertainties come from
nonlocal thermodynamic equilibrium modeling parameters and the density of the CO2 collisional partners. The
annual mean SABER CO2 proﬁle is consistent with previous satellite and rocket observations. As noted earlier,
CO2 departs from the well-mixed state at ~ 80 km, due principally to molecular diffusive separation.
Figure 1 displays the time series of CO2 abundance at 80 km, 90 km, and 100 km from February 2002 to
December 2014 averaged over the latitudes ±54°. We bin the data every 60 days (one yaw cycle). Note that
among the CO2 VMR uncertainties [Rezac et al., 2015], the collisional rate coefﬁcients have no trends. Above
~95 km, the O and O1D used in the SABER CO2 retrieval are from WACCM [Rezac et al., 2015]. WACCM atomic
oxygen shows a nearly zero long-term trend in the region where it is important for the inversion of CO2 above
~100 km. Via ionospheric measurements and satellite drag data, Danilov [2015] and Emmert [2015] speculate
that there might be a negative trend in O to account for the observed trends in the thermospheric density
and ionospheric parameters. But to our best knowledge, no signiﬁcant trends have been observed in
O and O1D in the upper atmosphere. Assuming that O has a positive trend of 5% per decade would lead
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Figure 2. Vertical proﬁles of (a) absolute trends of CO2 VMR (ppmv per decade) obtained from SABER (red) and ACE-FTS
(black) and (b) relative trends (% per decade). The SD-WACCM trend is in blue. Shaded areas and cross bars denote the
uncertainty of the regression analysis. Uncertainties are 2σ.

to ~1–1.5% per decade positive trend in CO2 retrieval; that is, our derived CO2 trend would then be 1–1.5%
smaller. In the case of a negative O trend, Emmert [2015] inferred a 2.6%/decade O trend during 1967–2013
(see his Table 2), with this decrease rate our derived CO2 trend would be 1% larger at most. Therefore, in this
paper, the O and O1D trends are not considered in the CO2 trend uncertainty. In addition, the random instrument noise of 1–2% is much smaller than the variance of the observations. Thus, the error bars in Figure 1 are
the 2σ standard deviation of the VMR representing the geophysical variance of the data within each 60 day
yaw cycle. The uncertainty of the CO2 retrieval (the uncertainty of the mean) is not considered. As shown in
Figure 1, CO2 is increasing monotonically at all levels in the upper atmosphere, although not at the same rate
as in the Mauna Loa measurements, as we shall see below.
The CO2 VMR trend in the MLT, as well as other interannual oscillations such as the solar cycle and the quasibiennial oscillation (QBO) can be estimated from the SABER CO2 deseasonalized residual by multiple linear
regression (MLR). The regression equation used to calculate the CO2 trend is
CO2 ðt Þ ¼ μ þ α  t þ β  QBOðtÞ þ γ  solarðt Þ

(1)

In this MLR, the long-term trend, and the dependence on the QBO and the solar cycle are considered. The
QBO and 11 year solar cycle are represented by the 30 mb zonal mean zonal wind at the equator and the
10.7 cm radio ﬂux [Tapping, 2013], respectively [Stolarski et al., 1991; Li et al., 2013]. The quantity μ represents
a constant CO2 mixing ratio. The MLR uncertainty of the trend depends on the scatter of the residuals [Randel
and Cobb, 1994; Li et al., 2013] and is modiﬁed by taking into account their autocorrelation. The temporal
resolution of the SABER time series is 60 days, which corresponds to the binning of the data in each yaw cycle.
The linear trend of SABER CO2 VMR at 80 km is 20.6 ± 3.0 ppmv or ~5% per decade (uncertainties are 2σ). This
is consistent with the Mauna Loa trend of ~20.5 ppmv per decade or 5% from 2000 to 2014, denoted by the
black curve in Figure 1. Because the CO2 VMR falls off from a constant value around 80 km, the absolute
trends at 90 km (~0.01 hPa), 100 km, and 110 km are smaller: 19.5 ± 4.5, 19.9 ± 5.5, and 12.8 ± 3.7 ppmv
per decade, respectively. The SABER CO2 VMR trend at 100 km is comparable to the ACE-FTS trend of
23.5 ± 6.3 ppmv per decade within the uncertainties [Emmert et al., 2012]. The CO2 responses to the solar
cycle and the QBO have also been calculated from the MLR and will be reported in a future paper.
We show in Figure 2, the absolute and relative SABER CO2 trend vertical proﬁles calculated from data averaged over ±54° latitude, along with their uncertainties derived from the MLR method. The relative trend is
computed by dividing the absolute trend by the time mean CO2 VMR between 2002 and 2014. Note that each
trend is relative to the time mean CO2 VMR from its own data set. For comparison, the CO2 trend calculated
with SD-WACCM from 2002 to 2012 is also shown. SD-WACCM is a general circulation model extending from
the ground to the thermosphere that includes chemistry, dynamics, and energetics [Marsh et al., 2013, and
references therein]. Surface mixing ratios of CO2 are speciﬁed from global ground observations. SD-WACCM
YUE ET AL.
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Figure 3. (left) SABER and (right) SD-WACCM CO2 relative trends (% per decade) as functions of latitude and height. The
color scales and contour intervals are different for the SABER and WACCM plots.

is constrained by Modern Era Retrospective Analysis for Research and Applications (MERRA) in the troposphere
and stratosphere. Garcia et al. [2014] show good agreement between the SD-WACCM simulation and ACE-FTS
CO2 climatology. The monthly mean SD-WACCM outputs from January 2002 to November 2012 within the
latitudes of ±60° were analyzed by the same MLR as the SABER data. However, the SABER trend is computed
for daytime-only CO2 because no nighttime retrievals are currently available, while SD-WACCM simulates the
full diurnal cycle. Emmert et al. [2012] suggested that there is no signiﬁcant local time dependence to the trends,
as they found no differences in the trend derived from sunrise and sunset separately. Thus, we assume that
there is no signiﬁcant difference between daytime and nighttime CO2 trends.
Figure 2a shows that the absolute SD-WACCM CO2 trend falls off along with the mean CO2 VMR above
102 hPa (~80 km). On the contrary, the SABER CO2 trend remains nearly constant at 20 ppmv per decade
and falls off only above 104 hPa (~110 km). The observed trend is about 10 ppmv per decade larger than
that derived from SD-WACCM at 110 km. In Figure 2b, SD-WACCM shows a vertically uniform relative trend
of about 5% per decade, which is similar to the trend from the 1-D global mean model considered by
Emmert et al. [2012], and reﬂects the anthropogenic increase of CO2 in the lower atmosphere. On the other
hand, SABER detects a larger trend of up to 12% per decade at 2 × 105 hPa (~110 km). The SABER CO2 trend
provides support for the ACE-FTS CO2 trend reported in Emmert et al. [2012]. Figure 2b also shows our analysis
of ACE-FTS data between 2004 and 2014 (all latitudes are included and deseasonalized), the same as in
Emmert et al. [2012]. The ACE CO2 relative trend proﬁle reaches a peak of ~10% near 105 km. Note that the
ACE trend is smaller than the Mauna Loa or the SABER trend below 80 km in Figure 2. This is because an a
priori stratospheric trend is used in ACE, which is too low for the period under study (i.e., after 2004).
According to Emmert et al. [2012], this has no inﬂuence on the ACE trend above 90 km. In general, the
ACE-FTS and SABER trends are consistent with each other within uncertainties, although the ACE trend peaks
near 100 km, whereas the SABER trend continues to increase up to 110 km, the highest altitude at which data
are available.
We also derived the SABER CO2 trend as a function of latitude, and the results are shown in Figure 3a. In the
MLT region (90–110 km), the SABER CO2 trend in the Northern Hemisphere is larger than 10% per decade,
which is about 50% more than that in the Southern Hemisphere at the mesopause (~90 km). The
SD-WACCM result shows the opposite hemispheric asymmetry, with a larger trend in the Southern
Hemisphere, as shown in Figure 3b; furthermore, the hemispheric asymmetry in WACCM is slight compared
to SABER in absolute values. In terms of relative values between two hemispheres, WACCM shows a
hemispheric asymmetry of 20%.

3. Discussion and Summary
This paper has presented the ﬁrst analysis of CO2 trends derived from SABER data. It contains the longest CO2
time series in existence (2002–2014) for the upper atmosphere, with more data to become available as long
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as the instrument and satellite continue to operate normally. SD-WACCM and Roble’s [1995] 1-D model predict a constant trend of about 5%; on the contrary, both the SABER and ACE-FTS CO2 trends increase with
altitude above ~80 km and reach 10–12% in the lower thermosphere. SABER infrared limb sounding and
ACE-FTS solar occultation measurements complement each other in several aspects. ACE-FTS measurements
occurred around sunrise and sunset with relatively sparse latitude coverage, while SABER CO2, although currently available only in daytime, provides more uniform latitude coverage and more dense, homogeneous,
and regular temporal coverage. These two satellite instruments measured a similar CO2 trend proﬁle despite
their vastly different remote sensing techniques and temporal and spatial coverage. This lends support to the
results from both sets of observations and suggests that they arise from a real physical cause instead of being
due to uncertainties in the measurements or in the calculation of trends from relatively short data records.
To account for the discrepancy between the model and observed CO2 trend, Emmert et al. [2012] suggested
the possibility of a positive trend in vertical mixing. If the eddy diffusion coefﬁcient Kzz is increased by 15% per
decade in Roble’s 1-D model, the calculated CO2 trend is closer to the ACE-FTS observed trend [Emmert et al.,
2012]. SD-WACCM is a comprehensive chemistry-climate model; however, small-scale gravity waves cannot
be explicitly resolved, and their effects must be parameterized [Richter et al., 2010]. In SD-WACCM simulations
for the period in question, no signiﬁcant trend in Kzz is calculated (R. Garcia, private communication, 2015).
Although there are a few localized observations suggesting that gravity wave ﬂuxes may be increasing
[Hoffmann et al., 2011], there is no conclusive evidence for global trends in gravity waves and eddy diffusion.
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There is at present no plausible hypothesis to explain the hemispheric asymmetry in the SABER CO2 trend
(Figure 3). Although it is well known that tropospheric CO2 emission is greater in the Northern Hemisphere
than in the Southern Hemisphere, this asymmetry becomes negligible in the upper troposphere and stratosphere [Hall and Prather, 1993]. If we assume that changes in gravity wave activity lead to changes in eddy
diffusion, the behavior of the SABER CO2 trend could be explained if diffusion due to gravity waves is increasing more rapidly in the Northern Hemisphere. A different rate of increase of gravity wave activity in the two
hemispheres has not been observed or simulated by models. Moreover, interhemispheric asymmetry largely
disappears in WACCM when trends are calculated over longer periods (not shown). There are two possible
reasons for this: (1) WACCM contains stochastic, low-frequency interannual variability in dynamics and transport, such that different trends are obtained over different short periods; (2) when the MLR is performed
using a short period, the MLR procedure has difﬁculty allocating variance accurately between the trend
and the 11 year solar cycle, whereas a longer period of analysis yields much more robust results. Be that as
it may, we emphasize that WACCM fails to reproduce the large trends in CO2 above 103 hPa seen in
SABER and ACE data.
In this paper, we have reported the rate of increase of CO2 from the two-channel retrieved SABER data set.
The CO2 trend below 80 km of ~5% per decade is similar to that measured at Mauna Loa Observatory at
the surface. SABER and ACE-FTS CO2 shows a faster increase rate above 80 km, compared to SD-WACCM
or any current models that we are aware of (e.g., NCAR 1-D model [Emmert et al., 2012] and HAMMONIA
(H. Schmidt, private communication, 2015). The SABER CO2 trend shows a peak at ~110 km of about 12% per
decade. The trend shows signiﬁcant latitudinal and height dependence, with the Northern Hemisphere trend
being larger than that in the Southern Hemisphere in the 102 to 104 hPa pressure range (~80 to 110 km).
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