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Vertical structure of warming consistent with an upward shift
in the middle and upper troposphere
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[1] Warming in climate-change simulations reaches a local
maximum in the tropical upper troposphere as expected from
moist-adiabatic lapse rates. But the structure of warming
varies between models and differs substantially from moist
adiabatic in the extratropics. Here, we relate the vertical
proﬁle of warming to the climatological temperature proﬁle
using the vertical-shift transformation (VST). The VST
captures much of the intermodel scatter in the ratio of
upper- to middle-tropospheric warming in both the
extratropics and tropics of simulations from the Coupled
Model Intercomparison Project 5 (CMIP5). Application of
the VST to observed climatological temperatures yields
warming ratios that are in the range of what is obtained
from the model climatological temperatures, although biases
in some model climatologies lead to substantial errors
when shifted upward. Radiosonde temperature trends are
consistent with an upward shift in recent decades in
the Northern Hemisphere, with less-robust results in the
Southern Hemisphere. Citation: O’Gorman, P. A., and M. S.
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1989; Held et al., 2007], and the degree of ampliﬁed
upper-tropospheric warming is correlated with model biases
in upper-tropospheric temperatures [Po-Chedley and Fu,
2012].
[3] Moist-adiabatic lapse rates provide a useful theoretical standard with which to compare temperature changes
in the tropics [e.g., Santer et al., 2005], but it is not clear
that they can help explain intermodel differences in the vertical structure of warming, and they are not applicable to
mean lapse rates in the extratropics because of the effects
of baroclinic eddies [e.g., Schneider and O’Gorman, 2008].
Theories of the moist extratropical stratiﬁcation relate broad
measures of the static stability to meridional temperature
gradients [e.g., Juckes, 2000; Schneider and O’Gorman,
2008; Frierson, 2008; O’Gorman, 2011], but they can only
provide limited information about the detailed structure of
warming.
[4] A promising alternative is to consider the response of
tropospheric temperatures to global warming as involving
an upward shift. Upward shifts of the dry static stability with warming were found in simulations with general
circulation models (GCMs) in the southern midlatitudes
[Kushner et al., 2001] and near the tropopause [Lorenz and
DeWeaver, 2007]. However, Singh and O’Gorman [2012]
showed that a pure upward shift of temperature is thermodynamically inconsistent because latent heating does
not shift upward consistently. They instead introduced the
vertical-shift transformation (VST) which describes a coherent upward shift with warming of winds, relative humidity,
and saturation speciﬁc humidity. According to the VST,
the transformation of temperature involves both an upward
shift and an additional term that is necessary given the pure
upward shift of saturation speciﬁc humidity. In simulations
of warming climates with an idealized GCM and in a multimodel mean from CMIP3, the VST was found to capture
many of the simulated changes above 600 hPa, especially for
temperatures and relative humidities [Singh and O’Gorman,
2012].
[5] Here we apply the VST to simulations from CMIP5
and show that it also captures intermodel scatter in the vertical structure of warming. We apply the VST to observed
climatological temperatures to determine the importance of
model climatological biases, and we examine the extent
to which observed temperature trends in recent decades
conform to an upward shift according to the VST. We consider the vertical structure of warming at all latitudes since
the VST is not speciﬁc to the dynamics of the tropics or
extratropics.
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[6] Given a solution of the moist primitive equations
and a rescaling parameter ˇ > 1, the VST gives a new

Singh (2013), Vertical structure of warming consistent with an
upward shift in the middle and upper troposphere, Geophys. Res.
Lett., 40, 1838–1842, doi:10.1002/grl.50328.

1. Introduction
[2] The vertical structure of atmospheric warming under
climate change is important because of its radiative effects
and because it affects convection and large-scale circulations through the static stability. Considerable attention
has been devoted to discrepancies between the vertical
structure of tropical warming in observations and climatemodel simulations [Thorne et al., 2011]. At least some
of these discrepancies are thought to relate to the difﬁculty of reliably calculating observed trends [Santer et al.,
2005]. Modern climate models robustly simulate ampliﬁed
upper-tropospheric warming in the tropics, but intermodel
differences persist in the degree of ampliﬁcation [Fu et al.,
2011]. Different responses may result from variability, differences in forcings, and intrinsic model differences such
as in the parameterization of moist convection [Schlesinger
and Mitchell, 1987]. In particular, assumptions regarding
cloud radiative effects and convective entrainment affect
the relationship between temperatures in the upper and
lower tropical troposphere [Ramaswamy and Ramanathan,
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approximate solution that is shifted upward from pressure
ˇp to p. For a small vertical shift (ˇ close to one), the VST
may be linearized to give an expression for the temperature
change ıT that is proportional to ˇ – 1,

Pressure (hPa)

(1)

where Rv is the gas constant for water vapor and L is
the latent heat of vaporization or sublimation of water (cf.
section 2f of Singh and O’Gorman [2012]). The term proportional to the pressure derivative of temperature in (1) relates
to the vertical shift, and the term proportional to T 2 relates
to the effects of water vapor.
[7] The transformation parameter ˇ is constant in the vertical, which implies that the vertical structure of warming
given by (1) is independent of the magnitude of the vertical
shift. In particular, ratios of temperature changes at different pressure levels [e.g., ıTVST (300 hPa)/ıTVST (500 hPa)]
depend only on the climatological temperature proﬁle with
no tunable parameters.
[8] Limitations of the VST include the assumption in its
derivation that the radiative cooling rate shifts upward with
the speciﬁc humidity, and the inability of the transformation to satisfy the surface boundary conditions on winds
and humidity [Singh and O’Gorman, 2012]. As a result,
we focus on the middle and upper troposphere where the
upward shift of the radiative cooling with humidity is most
likely to be valid and the effects of the lower boundary
are relatively weak. In applying (1), we evaluate the pressure derivative by ﬁrst interpolating the vertical temperature
proﬁle using a cubic spline, and we interpolate L in a mixedphase range between values appropriate for ice and liquid
[Simmons et al., 1999].

3. Climate Models
[9] We examine the extent to which the VST captures
intermodel scatter in the vertical warming proﬁles in historical simulations with 25 coupled climate models drawn from
CMIP5. The VST (expression 1) is applied to climatological
temperatures averaged from 1960 to 2005 and compared to
temperature trends over the same period. The slightly shorter
period 1960–2004 is used for two models as speciﬁed in
Table S1 in the supporting information. Linear least-squares
trends are calculated based on monthly anomalies at each
latitude, longitude, and level prior to averaging. Anomalies
are calculated relative to the seasonally varying climatology
as estimated over the same period.
[10] We ﬁrst consider tropical temperature trends averaged zonally and in latitude between 20ı S and 20ı N with
area weighting (Figure 1). The VST captures the proﬁle of
warming over the middle and upper troposphere, including the increase in warming with height from the lower
troposphere to a local maximum near 250 hPa, and the
transition to a cooling near 100 hPa (Figure 1a). This agreement between the VST and simulations is consistent with
the results of Singh and O’Gorman [2012] for the earlier
CMIP3 simulations. Here we see that the VST also captures
intermodel differences in the vertical structure of warming, as shown for two models with very different warming
proﬁles in Figure 1a. The ampliﬁcation of warming in the
upper troposphere is much more pronounced in MIROC5
(blue line) compared with INMCM4 (black line), and this
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Figure 1. (a, b) Tropical (20ı S to 20ı N) temperature
trends versus pressure in simulations with two climate models (solid lines) and the corresponding temperature changes
according to the VST (dashed lines in Figure 1a) and a
moist-adiabatic lapse rate (dashed lines in Figure 1b). For the
purposes of presentation, the VST and moist-adiabatic proﬁles are rescaled to match the temperature trends at 500 hPa.
(c, d) Ratio of temperature trends at 300 hPa and 500 hPa
in the simulations versus the same ratio according to the
VST (in Figure 1c) and a moist-adiabatic lapse rate (in
Figure 1d). The models shown in Figures 1a and 1b are the
models with the lowest (INMCM4, black lines) and highest
(MIROC5, blue lines) ratios of temperature trends at 300 hPa
and 500 hPa. The models shown in Figures 1c and 1d are
identiﬁed in Table S1.
difference is captured by the VST. To quantify the applicability of the VST across models, Figure 1c shows the ratio
of temperature trends at 300 hPa to 500 hPa in all of the
model simulations. The VST gives a good estimate of this
ratio across the models and captures much of the intermodel
scatter (the correlation coefﬁcient across models is 0.75).
Using a pure upward shift of temperature rather than the
VST yields less accurate warming ratios that are lower by
roughly 0.2.
[11] The assumption of a moist-adiabatic lapse rate is consistent with the ampliﬁed warming in the upper troposphere
in the simulations (Figure 1b), but it does not capture the
temperature changes above 150 hPa or the intermodel scatter (Figure 1d). The moist-adiabatic warming proﬁles are
calculated by integrating a saturated moist adiabat to both
higher and lower pressure levels starting from 500 hPa at the
climatological temperature, and then repeating the integrations but adding to the initial temperature the temperature
trend at 500 hPa times the duration of the time period.
A pseudoadiabat is assumed, ice is treated using a mixed
phase [Simmons et al., 1999], and we compare temperatures
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Figure 2. (a) Ratio of temperature trends at 300 hPa and
500 hPa versus latitude in the CMIP5 simulations (blue
line shows the multimodel median of ratios) and for the
VST applied to the model climatologies (black line shows
the multimodel median of ratios; bars show the model
range), the AIRS climatology (green dashed line), and the
ERA-Interim climatology (red dashed line). (b) Warming
ratios (300 hPa and 500 hPa) for individual climate models; the ratio of simulated trends is plotted versus the ratio
of temperature changes implied by the VST and the model
climatologies. Results in Figure 2b have been averaged over
different latitude bands and between the Northern and Southern Hemispheres to reduce noise. The solid line corresponds
to equal transformed and simulated ratios. The correlation
coefﬁcient (r) across models for each latitude band is given
in the legend.
rather than virtual temperatures. Different moist-adiabatic
warming proﬁles are obtained if different assumptions are
made regarding reversibility, the mixed phase, and whether
temperatures or density temperatures are used, but no one
moist adiabat is found to capture the intermodel scatter.
Nonetheless, some of the intermodel scatter could result
from different moist adiabats being appropriate in different
climate models.
[12] The ratio of warming at 300 hPa and 500 hPa is consistent with what is given by the VST at all latitudes except
near Antarctica (Figure 2a), with more warming at 300 hPa
than 500 hPa in the tropics and subtropics, and more warming at 500 hPa than 300 hPa at higher latitudes. That the VST
captures the warming proﬁles in the extratropics is noteworthy since, for example, moist-adiabatic lapse rates are not
expected to be a useful guide for the extratropical stratiﬁcation [e.g., Schneider and O’Gorman, 2008]. The levels
300 hPa and 500 hPa were chosen as they remain just inside

the troposphere at all latitudes while still being in the part
of the troposphere where the VST seems to be most applicable. Intermodel scatter is also well captured except at very
high latitudes (Figure 2b). Correlation coefﬁcients for each
latitude band are given in the legend of Figure 2b and range
from 0.47 to 0.75. Note that this good agreement across
models and latitudes is obtained using the VST with no free
parameters.
[13] Similar results are obtained for the forcing scenario
RCP8.5 (Figures S1 and S2) but with generally better agreement between the warming proﬁles and the VST than for
the more weakly forced historical simulations. The correlation coefﬁcients range from 0.59 to 0.91 for different latitude
bands (compared to 0.47 to 0.75 for the historical trends),
and the ratios from the different latitude bands and models
almost all collapse onto the one-to-one line (Figure S2). As
discussed in the supplementary text, the full rather than linearized VST is needed for RCP8.5 because of the size of the
temperature changes.
[14] The discrepancies between the VST and the simulated historical trends near Antarctica (Figure 2a) do
not occur under RCP8.5 (Figure S2). These discrepancies are less pronounced in historical simulations with
only greenhouse-gas forcing and no changes in ozone
(Figure S3), and they may also relate to the simulated fast
response to increasing CO2 concentrations which involves a
cooling at 300 hPa at high southern latitudes [Colman and
McAvaney, 2011].
[15] Agreement between the warming ratios from the simulations and the VST drops off for levels closer to the surface
or near the stratosphere (Figure S4). Extension of the VST to
be applicable to the lower troposphere is desirable but entails
the difﬁcult theoretical problem of including the effects of
the boundary layer and the lower boundary conditions.

4. Application of VST to Observed Climatology
[16] To the extent that climatological temperatures in the
model simulations are biased, the VST will predict different
warming proﬁles based on climatological temperatures from
observations and models. It is interesting, therefore, to apply
the VST to observed climatological temperatures, especially
as time-mean temperatures are more reliably observed and
less subject to natural variability compared with temperature
trends over the past few decades.
[17] We consider temperatures from the Atmospheric
Infrared Sounder (AIRS) over the period 2003–2011
[Fetzer, 2006], using the V5 L3 standard monthly product
which also includes inputs from the Advanced Microwave
Sounding Unit. The temperatures are ﬁrst averaged in time
and then zonally, but values within 100 hPa of the surface in the time mean are excluded from the zonal mean.
Ascending and descending passes are included when available. We also consider zonal- and time-mean temperatures
from the ERA-interim reanalysis over the period 1979–2011
[Dee et al., 2011]. Application of the VST yields similar
ratios of warming at 300 hPa and 500 hPa regardless of
whether the AIRS or ERA-interim climatological temperatures are used (Figure 2a).
[18] We then compare the ratios based on the VST
applied to observed climatological temperatures with
the ratios based on the VST applied to climatological
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temperatures from the historical simulations (Figure 2a).
The ratios based on observational climatologies generally
fall within the intermodel scatter of the ratios based on model
climatologies (shown by black bars in Figure 2a). However, the model scatter is quite large at some latitudes, so
that biases in the climatological temperature proﬁles in some
of the models will lead to substantial errors when shifted
upward according to the VST.
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[19] We examine whether observed temperature trends
over the period 1960–2005 are consistent with an upward
shift according to the VST. We focus primarily on the
RICH- radiosonde dataset (V1.5.1) which has been homogenized using reanalysis background forecasts and comparison with neighboring stations [Haimberger et al., 2008,
2012]. The radiosonde observations are sparse in the tropics
and Southern Hemisphere, but, to the extent that the VST is
applicable at all latitudes and longitudes, a consistent comparison may be made by calculating both the trends and
VST-implied trends using only the same observations.
[20] Our results are based on medians across station time
series (including both daily observation times) in 15ı latitude bands starting with a band centered on 75ı S. Results at
latitudes with very sparse data may be sensitive to the choice
of latitude bands, especially if the latitude bands are too
narrow. Time series are excluded if less than 180 monthly
values are available. For each latitude band, the median of
the ratio of trends at 300 hPa and 500 hPa is calculated, with
trends calculated as in section 3. Reporting medians rather
than means of the ratios helps to minimize the inﬂuence of
remaining artifacts [cf. Sherwood et al., 2008].
[21] The temperature changes implied by the VST are calculated based on time-mean temperatures at each station and
observation time, and the median for each latitude band of
the ratio of temperature changes at 300 hPa and 500 hPa is
then calculated. For consistency, only stations contributing
to the trend ratios are included when applying the VST.
[22] The warming ratios for the trends and the VST
show reasonably good agreement in the Northern Hemisphere, with worse agreement in the Southern Hemisphere
as might be expected given the much smaller number of
stations there (Figure 3). Similar results are found if the
end year of the analysis is extended from 2005 to 2011
(Figure S5). We also calculate trend ratios for the same station time series but without the homogenization adjustments.
The agreement with the VST for these “raw” time series is
as good (or even slightly improved in the Southern Hemisphere) when compared with the homogenized time series
(Figure 3). Comparison with other variants of the homogenization method [Haimberger et al., 2012] and the iterative
universal kriging (IUK) dataset of Sherwood et al. [2008]
shows that the trend ratios are more robust in the Northern
Hemisphere than in the Southern Hemisphere, particularly
at high latitudes (Figure S6).
[23] Overall, the radiosonde trends are supportive of an
upward shift of middle- and upper-tropospheric temperatures in recent decades, at least in the Northern Hemisphere.
We caution that substantially worse agreement is found if
means rather than medians are considered or if trends are
calculated over much shorter time periods.

Figure 3. Ratio of temperature trends at 300 hPa and
500 hPa versus latitude based on the RICH- radiosonde
dataset. The gray line with circles shows ratios based on
trends over the period 1960–2005. The dashed red line
shows the ratios based on the VST and the RICH- climatology over the same period. Results are shown for medians
of the ratios over all station time series in 15ı latitude bands.
Vertical bars indicate interquartile ranges in the trend ratios.
The blue line shows ratios based on trends from the raw
(nonhomogenized) radiosonde time series for comparison.

6. Conclusions
[24] We have used the VST introduced by Singh and
O’Gorman [2012] to relate the vertical structure of warming
to the climatological temperature distribution in both simulations and observations. The results illustrate the value in
having a theory to compare with at all latitudes. With some
exceptions in the Southern Hemisphere, there is a similar
meridional pattern in models, observations, and the VST as
regards the vertical structure of warming in the middle and
upper troposphere.
[25] The VST captures much of the intermodel scatter in
the ratio of warming at 300 hPa and 500 hPa in the tropics (which a simple assumption of moist-adiabatic lapse
rates does not) and in the extratropics (where moist-adiabatic
lapse rates are not directly applicable). An important implication is that much of this intermodel scatter derives from
factors that affect the model climatologies, such as different model parameterizations, and not just from variability or
differences in radiative forcings. The role of different parameterizations in setting the vertical structure of temperature
could be explored using perturbed physics experiments in
future work. The link given by the VST between the climatological temperature proﬁle and the vertical structure of
warming should be helpful in understanding the effects of
different choices of parameterization.
[26] Application of the VST to observed climatological
temperatures results in warming ratios that fall within the
range of what is obtained from the model climatologies.
However, the biases in climatological temperatures in some
of the models are sufﬁcient to lead to substantial biases in
response to an upward shift according to the VST.
[27] Trends based on the radiosonde datasets we have
considered are broadly consistent with an upward shift
according to the VST in the middle and upper troposphere in
recent decades. Our results are most supportive of an upward
shift in the Northern Hemisphere, since both the agreement with the VST and the robustness of the trend ratios
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seem to be best in this hemisphere. Further work is needed
to compare the VST with trends from other observational
datasets.
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