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ABSTRACT

Updated and improved satellite retrievals of the temperature of the mid-to-upper troposphere (TMT) are used to
address key questions about the size and signiÞcance of TMT trends, agreement with model-derived TMT values, and
whether models and satellite data show similar vertical proÞles of warming. A recent study claimed that TMT trends
over 1979 and 2015 are 3 times larger in climate models than in satellite data but did not correct for the contribution
TMT trends receive from stratospheric cooling. Here, it is shown that the average ratio of modeledand observed TMT
trends is sensitive to both satellite data uncertainties andmodelÐdata differences in stratospheric cooling. When the
impact of lower-stratospheric cooling on TMT is accounted for, and when the most recent versions of satellite datasets
are used, the previously claimed ratio of three between simulated and observed near-global TMT trends is reduced to
approximately 1.7. Next, the validity of the statement that satellite data show no signiÞcant tropospheric warming over
the last 18 years is assessed. This claim is not supported by the current analysis: in Þve out of six corrected satellite
TMT records, signiÞcant global-scale tropospheric warming has occurred within the last 18 years. Finally, long-
standing concerns are examined regarding discrepancies in modeled and observed vertical proÞles of warming in the
tropical atmosphere. It is shown that ampliÞcation of tropical warming between the lower and mid-to-upper tropo-
sphere is now in close agreement in the average of 37 climate models and in one updated satellite record.

1. Introduction

Reliable thermometer measurements of large-scale
changes in EarthÕs surface temperature are available
for over a century. These measurements document
warming of roughly 0.858C since 1880, with the three
warmest decades in the most recent portion of the re-
cord (IPCC 2013). In global average terms, 2015 was
the warmest year in surface temperature datasets
(Tollefson 2016). Satellite-based estimates of trends in

tropospheric temperature cover a shorter period of
time (from late 1978 to the present) but also provide
independent conÞrmation of planetary-scale warming
(Zou et al. 2006; Christy et al. 2007; Mears et al. 2011;
Po-Chedley et al. 2015; Mears and Wentz 2016).

Although observational and model temperature data
provide compelling evidence for the existence of a ÔÔdis-
cernible human inßuenceÕÕ on global climate (Santer et al.
1995; Karl et al. 2006; Hegerl et al. 2007; Bindoff et al.
2013), studies of temperature change continue to yield
interesting and important scientiÞc puzzles. Examples of
such puzzles include apparent differences between
surface and tropospheric warming rates in observational
records (Yulaeva and Wallace 1994; Hurrell and
Trenberth 1998; National Research Council 2000; Gaffen
et al. 2000; Santer et al. 2000; Hegerl and Wallace 2002;
Karl et al. 2006) and differences between modeled and
observed warming trends (National Research Council
2000; Gaffen et al. 2000; Hegerl and Wallace 2002; Karl
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et al. 2006; Easterling and Wehner 2009; Fu et al. 2011;
Santer et al. 2011; Po-Chedley and Fu 2012b). The causes
of such differences remain the subject of both scientiÞc
interest (IPCC 2013; Fyfe et al. 2016; Lewandowsky et al.
2016) and political attention ( U.S. Senate 2015).

The present study focuses on differences between
satellite- and model-basedestimates of tropospheric
temperature change. We assess the validity of two
highly publicized claims: that modeled tropospheric
warming is a factor of 3Ð4 larger than in satellite and
radiosonde observations (Christy 2015) and that sat-
ellite tropospheric temperature data show no statis-
tically signiÞcant warming over the last 18 years (U.S.
Senate 2015). We also address long-standing concerns
regarding differences in the vertical structure of tro-
pospheric warming in models and satellite data. Such
differences are particularly pronounced in the tropics
(Santer et al. 2000; Gaffen et al. 2000; Hegerl and
Wallace 2002; Fu and Johanson 2005; Johanson and
Fu 2006; Karl et al. 2006; Fu et al. 2011; Po-Chedley
and Fu 2012b). We rely exclusively on satellite mea-
surements of atmospheric temperature; we do not
compare model results with radiosonde-based atmo-
spheric temperature measurements, as has been done
in a number of previous studies (Gaffen et al. 2000;
Hegerl and Wallace 2002; Thorne et al. 2007, 2011;
Santer et al. 2008; Lott et al. 2013).

2. Satellite and model temperature data

Since late 1978, satellite-based microwave tem-
perature sounders have measured the microwave
emissions from oxygen molecules. These emissions
are proportional to the temperature of broad layers
of the atmosphere (Mears et al. 2011). The two claims
mentioned above (Christy 2015; U.S. Senate 2015)
focused on trends in the temperature of the mid-to-
upper troposphere (TMT), which extends to ap-
proximately 18 km above EarthÕs surface (Karl et al.
2006). Here, we analyze TMT data from four differ-
ent research groups: Remote Sensing Systems (RSS;
Mears and Wentz 2016), the Center for Satellite
Applications and Research (STAR; Zou et al. 2006),
the University of Alabama at Huntsville (UAH;
Christy et al. 2007), and the University of Wash-
ington (UW; Po-Chedley et al. 2015). We also con-
sider satellite estimates of the temperature of the
lower stratosphere (TLS) and the temperature of the
lower troposphere (TLT), which span approximate
altitude ranges from 14 to 29 km and from the surface
to 8 km (respectively).

Previous scientiÞc assessments (National Research
Council 2000;Karl et al. 2006; IPCC 2013) have highlighted

the large structural uncertainties in satellite estimates of
tropospheric temperature change. The major uncertainties
arise because the satellite TMT record is based on mea-
surements made by more than 10 different satellites; over
their lifetimes, most of these satellites experience orbital
decay (Wentz and Schabel 1998) and orbital drift ( Mears
and Wentz 2005). These orbital changes affect the mea-
surements of microwave emissions, primarily because of
gradual shifts in the time of day at which measurements are
made. Adjustments for such shifts in measurement time
are large and involve many subjective decisions (Mears
and Wentz 2005, 2016; Mears et al. 2011; Karl et al. 2006;
Zou et al. 2006, 2009; Zou and Wang 2011; Christy et al.
2007; Po-Chedley et al. 2015). Further adjustments to the
raw data are necessary for drifts in the onboard calibration
of the microwave measurements (Mears et al. 2003; Po-
Chedley and Fu 2012a; Zou et al. 2009; Zou and Wang
2011) and for the transition between earlier and more so-
phisticated versions of the microwave sounders (Mears and
Wentz 2016).

Multiple dataset versions are available for the tem-
perature records produced by RSS, UAH, and STAR
(see the supplemental material). Newer dataset versions
incorporate adjustments for problems identiÞed after
public release of earlier datasets and are likely to rep-
resent improved estimates of atmospheric temperature
change. Use of multiple dataset versions highlights the
evolutionary nature of satellite temperature datasetsÑan
evolution paced by advances in identifying and cor-
recting the complex nonclimatic factors affecting these
measurements.1 This corrective process is ongoing.

Satellite TMT measurements receive a contribution
from the stratosphere (Spencer and Christy 1992; Fu
et al. 2004; Fu and Johanson 2004, 2005; Johanson and
Fu 2006). Large, anthropogenically driven cooling of
the lower stratosphere (Solomon 1999; Karl et al. 2006;
Ramaswamy et al. 2006; IPCC 2013; Santer et al.
2013b) can contribute signiÞcantly to TMT trends (Fu
et al. 2004; Fu and Johanson 2005; Fu et al. 2011; Po-
Chedley and Fu 2012b; Po-Chedley et al. 2015). A
regression-based method has been used to correct
TMT data for this contribution ( Fu et al. 2004; Fu and
Johanson 2005). The efÞcacy of this approach was
validated with both observed and model atmospheric
temperature data (Fu and Johanson 2004; Gillett et al.
2004; Kiehl et al. 2005). We employ the same regression
approach here to derive corrected tropospheric

1 For RSS, UAH, and STAR, the newer TMT versions used here
only became available in 2016; currently available model-versus-
data comparisons relied exclusively on older dataset versions (Fu
et al. 2011; Po-Chedley and Fu 2012b; Santer et al. 2013a,b).
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temperatures (TMT cr) from satellite and model TMT
datasets (seeappendix A).

Model atmospheric temperatures were available from
phase 5 of the Coupled Model Intercomparison Project
(CMIP5; Taylor et al. 2012). We analyzed simulations of
externally forced climate change performed with 37
different CMIP5 models. The simulations have esti-
mated historical changes in natural and anthropogenic
external forcing from the mid-1800s to 2005. From 2006
to the end of the twenty-Þrst century, changes in an-
thropogenic greenhouse gases and aerosols are pre-
scribed according to the representative concentration
pathway 8.5 (RCP8.5), which has radiative forcing of
roughly 8.5 W m2 2 by 2100. We also used preindustrial
control runs (with no changes in external inßuences on
climate) from 36 models to obtain information on natural
internal climate variability. To facilitate the direct com-
parison of satellite data with model output, ÔÔsyntheticÕÕ
satellite temperatures were calculated from all model
simulations (Santer et al. 2013b). The model atmospheric
temperature data analyzed here are fully described in the
supplemental material and in Tables 1Ð4 of the supple-
mental material, together with information on the forc-
ings used in the simulations of historical climate change.2

To avoid truncating comparisons between modeled
and observed atmospheric temperature trends in De-
cember 2005, we spliced together synthetic satellite
temperatures from the historical simulations and the
RCP8.5 runs.3 Splicing allows us to compare actual and
synthetic temperature changes over the full 37-yr length
of the satellite record. We use the label ÔÔALL1 8.5ÕÕ to
identify these spliced simulations.

3. Atmospheric temperature time series

We consider Þrst the time series of changes in simu-
lated and observed atmospheric temperature over the
satellite era (Fig. 1). Our focus is on temperatures av-
eraged over a near-global domain and over the tropics.
In the lower stratosphere (Figs. 1a,b), the ALL 1 8.5
simulations and the satellite data are both characterized
by overall cooling in response to human-caused de-
creases in stratospheric ozone and increases in carbon
dioxide (Solomon 1999; Karl et al. 2006; Ramaswamy
et al. 2006). This long-term stratospheric cooling trend is
punctuated by short-term (1Ð2 yr) lower-stratospheric

warming arising from the eruptions of El Chich ón in
1982 and Mount Pinatubo in 1991 (Robock 2000;
Ramaswamy et al. 2006; Santer et al. 2013b). The size of
this short-term warming is very similar in the satellite
data and the multimodel average of the ALL 1 8.5 sim-
ulations, but this apparent agreement arises from com-
pensating errors (see the supplemental material).

Since 1979, mid- to upper-tropospheric temperature
has increased in both the observations and the ALL1 8.5
integrations, with larger warming in the simulations
(Figs. 1cÐf). Another prominent feature of the TMT and
TMT cr time series is cooling caused by the eruptions of
El Chichón and Mount Pinatubo (Robock 2000; Santer
et al. 2001; Wigley et al. 2005; Thompson et al. 2009;
Santer et al. 2013b, 2014). Volcanic cooling of the tro-
posphere is noticeably less noisy in the multimodel av-
erage than in the observations for well-understood
reasons (see the supplemental material).

Correction of TMT for lower-stratospheric cooling is
expected to increase overall trends in mid-to-upper-
tropospheric temperature (Fu et al. 2004, 2011; Fu and
Johanson 2005; Po-Chedley and Fu 2012b). Simple visual
comparison of the TMT and TMT cr temperature time se-
ries for near-global averages (cf.Figs. 1c and 1e) and for
tropical averages (cf.Figs. 1d and 1f) does not reveal how
this correction affects the level of consistency between
model and observed tropospheric warming trends. In the
following, we provide a quantitative assessment of the im-
pact of TMT correction on modelÐdata trend consistency.

4. Trend ratios

A key aspect of our analysis framework is that we
consider the sensitivity of linear temperature trends
(and of modelÐdata trend ratios) to different choices of
the start date and the trend lengthL (Santer et al. 2011).
Rather than focusing on one limited subset of the tem-
perature time series inFig. 1, such as the last 18 years of
TMT records ( U.S. Senate 2015), our strategy here is to
examine all possible 18-yr temperature trends during the
satellite era (seeappendix B). Since temperature trends
on 18-yr time scales have no special diagnostic value, we
vary L in increments of 1 year, from a minimum of
10 years to a maximum of 37 years (the full length of the
satellite records). This allows us to compare the average
values of modeled and observed temperature trends
on a range of different time scales, while accounting for
the effect of monthly and interannual variability on
linear trend estimates. Our strategy reduces the chance
of making incorrect statistical inferences based on
analysis of a single arbitrarily selected trend.

Figures 2a and 2bshow the averages of the sampling
distributions of L -year trends for near-global TMT and

2 Detailed information on the implementation of external forc-
ings in the full ensemble of CMIP5 models is available in a limited
number of cases only (e.g., for stratospheric ozone forcing; see
Eyring et al. 2013).

3 The RCP8.5 simulations were typically initiated from condi-
tions of the climate system at the end of the historical run.
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TMT cr data. The distribution average trendsbo(k, l) and
bf (l) are for the observations and the forced ALL 1 8.5
simulations, respectively, where the indicesk and l span
the number of observational datasets and the number of
values of L (see appendix B).4 We consider Þrst TMT
results that have not been corrected for lower-
stratospheric cooling (Fig. 2a). At all time scales con-
sidered, simulated TMT trends are larger than satellite
TMT trends. Only the values of bo(k, l) for RSS version
4.0 and STAR versions 3.0 and 4.0 are consistently

within the 5thÐ95th percentile range of model estimates
of externally forced TMT trends. 5

Correcting for lower-stratospheric cooling (Fig. 2b)
increases the size of mid-to-upper-tropospheric warming

FIG . 1. Time series of monthly mean anomalies in atmospheric temperature over January 1979ÐDecember 2016
(simulations) and January 1979ÐJune 2016 (observations). Results are spatially averaged over (left) a near-global
domain, and (right) over the tropics. Temperature estimates for (a),(b) the lower stratosphere and (c),(d) the mid-
to-upper troposphere were obtained from satellite-based microwave sounders. Correcting TMT for stratospheric
cooling yields TMT cr, which is more representative of true changes in (e),(f) mid-to-upper-tropospheric temper-
ature. Model synthetic TLS and TMT data were computed using vertical weighting functions that approximate the
satellite-based vertical sampling of the lower stratosphere and mid-to-upper troposphere. Synthetic satellite
temperatures are from 49 simulations of externally forced climate change performed with 37 different CMIP5
models. All anomalies are relative to climatological monthly means calculated over January 1979ÐDecember 2015.

4 Here, the single overbar in bo(k, l) indicates the average of a
distribution of L -year trends. The double overbar in bf (l)
signiÞes a distribution average as well as an average over models
and ALL 1 8.5 realizations.

5 In a companion paper, we evaluate the statistical signiÞcance of
differences between tropospheric temperature trends in individual
satellite datasets and in the multimodel average of the ALL1 8.5
simulations (B. Santer et al. 2016, unpublished manuscript). We
show that the statistical signiÞcance of these trend differences is
highly sensitive to the analysis time scaleL and to the trend start
date. Over the Þrst 15 years of the twenty-Þrst century, differences
between modeled and observed tropospheric warming rates are
highly signiÞcant and are unlikely to be explained by internal vari-
ability alone. In contrast, model-versus-observed trend differences
in the last two decades of the twentieth century are generally con-
sistent with internal variability.
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