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Abstract Reconciling observations and simulations of tropical upper tropospheric temperature trends
remains an important problem in climate science. Examining atmospheric models running over observed
sea surface temperatures (SSTs), Flannaghan et al. (2014) show that this reconciliation is affected by the
SST data set used and that a precipitation-weighted SST (PSST) is valuable in explaining this result. Here we
show that even for Coupled Model Intercomparison Project Phase 5 Atmospheric Model Intercomparison
Project (CMIP5 AMIP) simulations forced with identical SSTs, tropical upper tropospheric temperature trends
across models (and between ensemble members) show a substantial spread (standard deviation ∼10%
of the average trend). About 60% of this spread between ensemble means, as well as deviations from the
ensemble means, can be explained by PSST calculated from the time-evolving precipitation in each model
run. Both PSST and atmospheric temperature trends show statistical evidence for systematic differences
between models. We conclude that the response of precipitation patterns to changes in SST patterns is a
significant source of uncertainty for tropical temperature trends.

1. Introduction

In the tropics, atmospheric general circulation models show a canonical enhanced upper tropospheric warm-
ing relative to the surface warming that roughly scales as expected from a moist adiabat [Santer et al.,
2005]. This warming pattern has profound implications for the vertical stability, strength of the tropospheric
diabatic mass circulation [Knutson and Manabe, 1995; Held and Soden, 2006], and the structure of the jets in the
upper troposphere/lower stratosphere with implications for the strength of the stratospheric Brewer-Dobson
circulation [Garcia and Randel, 2008; Shepherd and McLandress, 2011]. The question to what extent atmo-
spheric temperature observations from 1979 onward (when satellite measurements provide true global and
tropical means) confirm this canonical model response has attracted much attention [e.g., Christy et al.,
2010; Po-Chedley and Fu, 2012; Haimberger et al., 2012; Mitchell et al., 2013; Sherwood and Nishant, 2015,
and references therein]. Recently, Flannaghan et al. [2014] argue that uncertainties in observed sea surface
temperatures (SSTs), specifically the differences between the widely used HadISST1 [Rayner et al., 2003] and
the recommended SST data set for Coupled Model Intercomparison Project Phase 5 (CMIP5) [Hurrell et al.,
2011], the “HURRELL” SSTs [Hurrell et al., 2008], are large and preclude definitive statements concerning the
changes since the 1980s until these differences are resolved.

Further, the atmospheric general circulation model (AGCM) calculations (also referred to as Atmospheric
Model Intercomparison Project (“AMIP”) simulations) submitted to the CMIP5 model intercomparison project
[Taylor et al., 2012] show a large spread in tropical temperature trends for the period of the 1980s to 2008 even
among those model runs that used the same SST data. In this letter, we address the question why individ-
ual ensemble members, and ensemble means, of AGCMs may have very different atmospheric temperature
trends even when forced with identical SSTs.

The standard picture of tropical dynamics puts the tropical average temperature profile close to a moist adia-
bat, which in turn is set by the near-surface conditions. However, the theory remains incomplete, and details
of model convective parameterizations as well as radiative processes, and exchange with the extratropics,
may play important roles, and may all contribute to the differences between AGCM temperature trends in
calculations with identical SSTs.
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O’Gorman and Singh [2013] show that the vertical shape of temperature trends in the upper troposphere
is related to the time-mean vertical temperature structure of general circulation models. Using the vertical
shift transform (VST) [Singh and O’Gorman, 2012], they can explain a substantial amount of variance (about
56% in CMIP5 coupled model simulations) in the ratio of trends at different middle/upper tropospheric levels.
However, the VST does not establish a connection between a model’s atmospheric temperature trend and
near-surface conditions.

Here we extend the results of Flannaghan et al. [2014] and show that the precipitation-weighted tropical
SSTs are a good predictor for differences in atmospheric temperature trends also for model runs forced with
identical SSTs.

2. Data and Methods

We analyze the monthly mean model data of AGCM runs submitted to the CMIP5 archive (referred to as
CMIP5/AMIP runs). We use the models’ surface level temperatures (2 m air temperature) over the ocean (which
are very similar to the forcing SSTs, and for simplicity we refer to this data as “SST”), the model’s rainfall, and
the atmospheric temperatures. We find that results are generally not overly sensitive to the exact pressure
level in the upper troposphere and therefore present results primarily for the 300 hPa level for compactness.
Throughout this paper, the term “tropical” refers to the latitude range 30∘S–30∘N. We have done all calcula-
tions also with the latitude belt 20∘S–20∘N, and for other upper tropospheric pressure levels. We show these
additional results in summarized form, as they are similar to those shown in detail.

Following Flannaghan et al. [2014], we construct a simple proxy for the surface conditions relevant for the trop-
ical atmospheric temperature structure by weighting the tropical sea surface temperatures with the model’s
rainfall distribution based on monthly mean data (results for climatological mean precipitation are discussed
in section 3.3) and refer to this quantity as PSST. The latent heating from deep convection is of most rele-
vance for the tropical upper troposphere, but since tropical total rainfall is dominated by rainfall associated
with deep convection, we use total rainfall to avoid possible complications arising from different definitions
of “convective rainfall” in different models.

Consistent with the AMIP formulation, we consider the state of the land surface as part of the atmospheric
state, both responding to the SST distribution. Over the oceans relative humidities are constrained so that
humidity and, therefore, the equivalent potential temperature of near-surface air, can be thought of as
constrained by the SST. This is not true over land, where humidity is not as strongly constrained and it is
inappropriate to lump near-surface temperatures over land together with oceanic SSTs, even if precipitation
weighted, to explain upper tropospheric temperature trends. [cf. Joshi et al., 2008; Byrne and O’Gorman, 2013].

We use the data from all 26 models that submitted AMIP runs to the CMIP5 archive (see supporting informa-
tion for list of models). The number of ensemble members varies between models; in cases where there are
more than three ensemble members, we only consider ensemble member numbers 1, 2, and 3. Ensemble
means are calculated for those 15 models that have at least three ensemble members, again from ensemble
member numbers 1, 2, and 3. The SST trend difference between HadISST1 and HURRELL obscures the relation
between ensemble mean trends of different models, and the spread among individual ensemble members.
We therefore restrict this part of the analysis to those 13 models that have ensemble means and use the
HURRELL SST.

Following Flannaghan et al. [2014], the calculations shown here generally refer to the period 1984–2008
to avoid the problems in SSTs over the period 1979–1983. If the relation probed here between
precipitation-weighted SSTs and atmospheric temperature were the dominant process, results would be
insensitive to the specific period considered. Indeed, we show that results are generally only weakly depen-
dent on the specific period chosen.

3. Results
3.1. Trends
Figure 1a shows the 300 hPa tropical average temperature trends (y axis) of all ensemble members (no more
than three per model) of all models as function of the tropical average SST trend. The figure shows that the
ratio of atmospheric temperature trend at 300 hPa to SST trend ranges from about 2 to about 4 and reveals a
clear clustering with respect to SST trend. Results for the ensemble means (not shown) show an amplification
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Figure 1. (a) Tropical average 300 hPa temperature trends as function
of tropical average SST trend for the period 1984–2008. The average
and standard deviation of the atmospheric temperature trend at
300 hPa (in Kelvin per decade) of the first ensemble member of all
model runs (black), model runs using the HURRELL SST (red) and
model runs using the HadISST1 (blue) are shown in brackets. (b) As in
Figure 1a but as a function of the precipitation-weighted SST (PSST)
trends. The gray dashed lines show lines of constant ratio (atmospheric
trend to surface trend), for ratios of 1, 2, 3, and 4 (as labeled). The
panels show data for all models and up to three ensemble members
where available (but mean and standard deviation of trend
distributions are based on first run only). Also shown is the total
number of model runs (N). For a list of model names and modeling
centers please refer to Table S1 in the supporting information and
http://cmip-pcmdi.llnl.gov/cmip5/docs/CMIP5_modeling_groups.pdf.
Figure S1 in the supporting information provides a version of this figure
with identical data that allows identification of individual models.

around 2.5 for the models with the smaller
SST trend, and between 3 and 4 for
the models with the larger SST trend;
with very similar results for the period
1980–2008 and/or for 20∘S-20∘N. The
model runs with the smaller SST trend
(blue symbols) have surface temperatures
consistent with HadISST1, and the other
runs with HURRELL SSTs (red symbols).

Flannaghan et al. [2014] show that the
atmospheric trend difference in AGCMs
forced with these two SSTs is much
larger than expected from the trends
in tropical means of the two SSTs and
moist adiabatic scaling. Using Geophys-
ical Fluid Dynamics Laboratory’s HIRAM
and National Center for Atmospheric
Research’s CAM4 models forced with
both the HadISST1 and the HURRELL SSTs,
they show that the discrepancy is not
due to a failure of moist adiabatic scaling,
but the use of tropical average temper-
atures: the two SST data sets have trend
differences that are largest in the most
convective regions, and the atmospheric
temperature trend differences reflect the
SST trend differences in these regions.
Figure 1a shows, however, that the spread
in atmospheric temperature trends is sub-
stantial even when using identical SSTs.
For the period 1984–2008, the average
trend and standard deviation of 300 hPa
temperature trends of the first ensem-
ble member of the model runs using the
HURRELL SSTs is 0.32 ± 0.03K/decade,
and 0.2 ± 0.03K/decade for the models
using HadISST1. The ratio of standard
deviation to mean trend is similar for
other periods and for the latitude band
20∘S–20∘N. We note that the trends
from all ensemble members are statis-
tically significant, with the statistical 1
sigma uncertainty for the trend over the
time series 1984–2008 being around

0.09K/decade (around 0.07K/decade for 1980–2008). In the following, we address the question why models
forced with identical SSTs (and as such with the same interannual variability and associated statistical trend
uncertainty) show a spread in atmospheric temperature trends with a standard deviation of about 10% of
their mean.

Figure 1b shows the same atmospheric temperature trends as function of the precipitation-weighted SSTs.
The figure shows that now there exists a reasonably linear relation to atmospheric temperature trends that
explains a substantial amount of variance both between the two groups forced with different SSTs and
between the ensemble members forced with identical SSTs. Hence, for each model run, the covariation
between rainfall distribution and the forcing SST distribution evolves slightly differently over time, and
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Figure 2. (a) Ensemble mean trends of precipitation-weighted SST
(PSST) and atmospheric temperature at 300 hPa for the period
1984–2008 and latitude band 30∘S–30∘N, for those models with
(at least) three ensemble members and HURRELL SSTs. (b) Deviation
from ensemble means of the three ensemble members; note that the
range of the two axes corresponds to that of Figure 2a. Figures 2a and
2b provide the sample size (N), r2 value and best fit line of an ordinary
linear least squares regression (black), and the best fit with a constant
ratio between PSST trend and atmospheric temperature trend (red).
The dashed lines show the lines of constant ratios of 2 and 3, and the
dotted line a constant ratio of 2.5. The green lines show ±1 standard
deviation for the trend in PSST and temperature at 300 hPa.

these differences in the surface condition
of the model run’s precipitation explain
much of the differences in atmospheric
temperature trends.

Figure 2 shows the relation between
atmospheric temperature trends and
precipitation-weighted SSTs separated
into the relation for ensemble means (a)
and for the deviation from the ensemble
means (b), for those 13 models that have
submitted at least 3 ensemble members
with HURRELL SSTs. The figure also shows
the explained variance (r2 value) of an
ordinary least squares linear regression
(shown as black line). The intercept of
the best fit may not be 0 (i.e., the amplifi-
cation ratio of atmospheric temperature
trend to PSST trend may be a function
of PSST). From a physical perspective,
it is more interesting to calculate the
r2 value for temperature trends under
the assumption that all models have an
identical amplification ratio, with the
remainder being due to processes not
captured by this hypothesis. We there-
fore also show the best fit (red line) and
r2 value (in red) for this scenario. The cor-
responding information for the period
1980–2008 and for 20∘S–20∘N instead of
30∘S–30∘N is given in Table 1.

Figure 2 and Table 1 show that typically
the r2 value of the least squares fit is
around 60%, and with the requirement of
a constant amplification ratio, the r2 value
is still around 50% and higher for all peri-
ods, latitude belts, ensemble means, and
deviations from ensemble means, except

Table 1. Explained Variance (r2 Value) For Atmospheric Temperature Trends at
300 hPa and Precipitation-Weighted SST Trends for the Period 1980–2008
and 1984–2008, and the Latitude Bands 20∘S–20∘N and 30∘S–30∘Na

1980–2008 1984–2008

20∘S–20∘N 0.50, 0.50 0.65, 0.59
30∘S–30∘N 0.66, 0.65 0.63, 0.58

20∘S–20∘N 0.51, 0.51 0.29, 0.28
30∘S–30∘N 0.50, 0.49 0.61, 0.61

aThe top two rows refer to the ensemble means and the bottom two rows
to the deviation from the ensemble mean (with ensemble members for each
model). The first value gives r2 (explained variance) of the linear regression
best fit, the second value the r2 (but not explained variance) of the best fit with
constant ratio between PSST and atmospheric temperature trend. Compare
with Figure 2.
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for 20∘S–20∘N and period 1984–2008. We conclude that the precipitation-weighted SSTs are a statistically
robust explanatory variable for trend differences among models, as well as among ensemble members of the
same model. We emphasize that this is only true for trends (or generally variance in time), but not for the
mean state. We find that the time-mean PSST only explains 23% of the variance between the models’ 300 hPa
time-mean temperature for 20∘S–20∘N, and 13% for 30∘S–30∘N.

Figure 2 further shows the standard deviations of the PSST and atmospheric temperature trends (green lines).
It is readily seen that for both trends, the standard deviations across the ensemble means is similar to that
across the ensemble members (note that the ranges of the x axis and y axis are identical in both panels) despite
the former being based on the average over three ensemble members. We find, for the period 1984–2008
and latitude band 30∘S–30∘N, that the ratio 𝜌 of variances in trends of the ensemble averages to that of the

ensemble members (i.e., 𝜌 = 𝜎
2
M

𝜎2 , where 𝜎
2 is the variance of the N = 39 samples and 𝜎

2
M is the variance of

the distribution after averaging over M samples, where M = 3 in this case), is 𝜌 ∼0.7 for PSST, and 𝜌 ∼0.9 for
the 300 hPa temperature. (Note that Figure 2 shows the variance in ensemble means 𝜎2

M and the deviations
from ensemble means. The variance 𝜎

2 over all ensemble members used for the ratio 𝜌 is similar to that of the
red data points shown in Figure 1b). For other periods and latitude belts, the ratios 𝜌 are similar. If the trends
from the N = 39 model runs were uncorrelated, the expected variance scaling is 𝜌 = 1∕M (here M = 3).
For finite sample sizes N the covariance is generally not exactly zero even for uncorrelated data, and we
calculate the probability that 𝜌 is equal or larger than the 𝜌 of the data. For the PSST trends, where 𝜌 ∼0.7, the
corresponding probabilities are less than 0.01 for all latitude bands and periods. For the 300 hPa temperature
trends, where 𝜌 ∼0.9, the corresponding probabilities are virtually zero for all cases. Hence, while the small
sample size and small number of ensemble members preclude strong statements concerning the behavior
of any one specific model, it is highly unlikely that the 39 ensemble members are uncorrelated. In other
words, the analysis suggests that there are systematic differences between models in both PSST and 300 hPa
temperature trends. The fact that the PSST trends also indicate systematic differences between models sug-
gests that differences in model formulations, specifically also parameterized convection, induce atmospheric
temperature trend differences also via model-specific precipitation distribution changes in response to SST
pattern changes.

Understanding the model differences deserves further attention but requires a larger ensemble size than
available in the CMIP5/AMIP archive. However, whatever the cause of the spread, the fact that a substan-
tial fraction of the variance is explained by the tropical mean PSST illustrates the strength of the connection
between SST trends in convecting regions and upper level temperature trends, as suggested by the simplest
picture of the moist adiabatic constraint.

3.2. Variability of Deseasonalized Data
For the period since the 1980s, trends are relatively small compared to interannual variability arising from
ENSO and other sources of interannual variability. The question thus is whether PSST is also a better predictor
than tropical average SST for the time variance in tropical average atmospheric temperature. The follow-
ing analyses are based on detrended and deseasonalized data (i.e., the climatological mean annual cycle is
subtracted). Results for data including the seasonal cycle are shown in Figures S2 and S3 in the supporting
information; generally, the correlations are lower, and the additional variance explained by PSST compared to
average SSTs is larger.

Figure 3 shows the correlation between the monthly mean deseasonalized tropical average SST and atmo-
spheric temperature on the x axis, and the same correlation but for precipitation-weighted SST. The figure
confirms the well-known close correspondence between tropical average SSTs and atmospheric temper-
atures but shows that considering the precipitation distributions increases the explained variance by
about 10%–20% on average for both the 500 hPa and the 300 hPa levels. For the ensemble means, the
precipitation-weighted SSTs explain between about 80% and 90% of the variance, with slightly higher values
for the 300 hPa level. Individual ensemble members follow this pattern, with somewhat lower correlations
as expected. The same calculation for annual mean data (not shown) shows the same additional skill in the
precipitation-weighted SSTs, but correlations are (as expected) higher, with explained variance being typi-
cally 90% and more. Hence, precipitation pattern variations also help to explain detrended, deseasonalized
atmospheric temperature variability.

3.3. Relation to the Climatological Mean Temperature Profile
Singh and O’Gorman [2012] argue that the ratio of trends in the upper troposphere at different pres-
sure levels is related through the VST to a model’s (time-mean) temperature profile. While the VST
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Figure 3. Correlation r2 of monthly mean, deseasonalized
tropical average (30∘S–30∘N) SST (x axis), and
precipitation-weighted SST (y axis) with 300 hPa (purple) and
500 hPa (green) atmospheric temperature (“TA”), for all
ensemble members of all models that use the HURRELL SSTs.
Correlations calculated for the period 1980–2008, results for the
period 1984–2008 and/or latitude band 20∘S–20∘N are very
similar. Large symbols for ensemble means, and small symbols
for ensemble members.

does not establish a connection between
atmospheric temperature trends and surface
conditions, one may wonder whether the vari-
ations in amplification ratio at a given pressure
level to PSST (Figures 1 and 2) are not at least
empirically related to the mean temperature
profile, and as such also to the VST. In the
following, we calculate the VST between the
300 hPa and 500 hPa levels as in O’Gorman
and Singh [2013, equation (1)] and refer to this
ratio as VST300/500.

O’Gorman and Singh [2013] find a correlation of
r = 0.75 (corresponding to r2 ≈ 56%) between
the VST300/500 and the ratio of tropical temper-
ature trends at those levels in coupled general
circulation models submitted to CMIP5. For the
AGCM calculations analyzed here, we find for
the 13 HURRELL-based model ensemble means
a corresponding correlation of 0.53 (r2 = 28%)
for the latitude band 20∘S–20∘N, and 0.68
(r2 =46%) for the latitude band 30∘S–30∘N, for
trends evaluated over the period 1980–2008,
and very similar correlations for the period

1984–2008. Hence, the VST has some skill in predicting the upper tropospheric trend structure also for the
AMIP runs, but the correlation is lower than for the coupled runs. It is beyond the scope of this paper to eval-
uate why this may be so, but we note that (i) the period is shorter and (ii) the dynamical range of temperature
trend ratios (and correspondingly VST300/500) are smaller in the AMIP calculations analyzed here than in the
coupled model runs analyzed by O’Gorman and Singh [2013].

Having established that the VST also captures some of the model differences in the runs analyzed here, we
calculate for the 13 HURRELL-based ensemble members the correlation coefficient of a multiple linear regres-
sion of the atmospheric temperature trend to PSST trend and VST300/500. We find that compared to the linear
regression against PSST alone, adding VST300/500 as an additional regressor increases the r2 value only by
relatively modest amount of no more than a few percent (the largest increase is from r2 = 0.63 to r2 = 0.69

Figure 4. The ensemble mean trends (for the period 1984–2008) in
tropical (30∘S–30∘N) precipitation-weighted SSTs (x axis) and the
trend when weighing with the ensemble mean, climatological mean
annual cycle of precipitation (y axis).

for the latitude band 30∘S–30∘N and
period 1984–2008).

3.4. Importance of Precipitation
and SST Covariation
Figure 4 shows the trends in (ensemble
mean) precipitation-weighted SST against
the trends obtained when weighting the
SST with the time-averaged annual cycle in
precipitation from each model. The figure
shows that the climatological mean distri-
bution of precipitation captures the separa-
tion between the runs based on HadISST1
and HURRELL SSTs but that differences
between models with identical SSTs are
not well explained by the models’ differ-
ences in climatological mean precipitation
pattern. Those ensemble means that show
the largest trends in PSST (and also atmo-
spheric temperature trend, compare with
Figure 2a) are those where the changes in
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the precipitation distribution are most strongly affected by changes in the SST distribution, with precipitation
preferrentially shifting to ocean regions with above average warming trend.

4. Conclusions

Atmospheric general circulation models forced with prescribed sea surface temperatures in the CMIP5/AMIP
model intercomparison project show a comparatively large spread in tropical upper tropospheric tempera-
ture trends (with a standard deviation of about 10% of the mean) even for model runs forced with identical
SSTs. We show that this spread in trends is in part due to differences in the evolution of the distribution of
tropical precipitation, which we show is a useful proxy for the degree with which a certain region’s surface
temperature affects middle and upper tropospheric temperatures.

For the individual ensemble members, we find that the correlation of deseasonalized, monthly mean data
with SSTs increases when weighting the SSTs with the precipitation distribution. Typically, the explained vari-
ance increases by about 10% to 20%. For the ensemble means, the explained variance increases by a similar
amount, such that the deseasonalized PSSTs explain between about 80% and 90% of the variance in upper
tropospheric temperature.

For the 13 ensemble means (based on three ensemble members) based on HURRELL SSTs, we find that the
precipitation-weighted SST trend explains about 60% of the variance in 300 hPa temperature trends. Similarly,
about 60% of the variance in the spread of ensemble members around their ensemble mean temperature
trend is explained by the corresponding spread in PSST trend. If we require a fixed amplification ratio of atmo-
spheric temperature trend to PSST trend across models, the r2 value decreases somewhat but is typically still
around 0.5 and larger. No strong correlation between the unexplained variability in amplification ratio relative
to a model’s time average PSST and the VST300/500 ratio is found.

A statistically robust quantification of the behavior of individual models requires larger ensemble sizes than
available in the CMIP5/AMIP archive. However, we note that the decrease in variance in PSST trends and atmo-
spheric temperature trends upon averaging over three ensemble members is very modest compared to the
expected scaling for independent samples, suggesting systematic differences between models.

Flannaghan et al. [2014] have argued that AMIP simulations are an appropriate tool for close examination of
the coupling between surface and upper troposphere in the tropics. Our analysis of AMIP simulations illus-
trates the extent to which simple coupling of surface to upper troposphere in the tropics can explain the
upper tropospheric trends in models. The remaining variance could be related to relative humidity varia-
tions, variability over land, extratropical influences on upper level temperatures, or simply tropical internal
variability.
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