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[1] We examine changes in the static stability of the
midlatitude troposphere in simulations of global warming
using 21 coupled climate models in the AR4 archive. The
dry static stability within the midlatitudes exhibits a robust
increase in the simulations, with upper tropospheric
warming outpacing the lower troposphere by approx-
imately 2 K. The increase in stability is especially evident
in the summer season, and is more prominent in the
Southern Hemisphere than in the Northern. The moist static
stability is largely unchanged, on the other hand, showing
that moist convection plays a dominant role in determining
the temperature structure of the midlatitudes. We compare
bulk measures of the stability with changes in meridional
gradients for each individual model simulation, and find that
moist theories work well in predicting the stability with the
primary exception of the Northern Hemisphere summer,
where enhanced surface warming over land reduces the
increase in stability. Citation: Frierson, D. M. W. (2006),
Robust increases in midlatitude static stability in simulations of
global warming, Geophys. Res. Lett., 33, 1L.24816, doi:10.1029/
2006GL027504.

1. Introduction

[2] Static stability is among the most fundamental quan-
tities describing the state of the atmosphere. Equivalent to
the vertical temperature structure of the atmosphere, the
static stability determines the buoyancy frequency of dry
perturbations in the vertical, the speed of gravity waves, and
the magnitude of the greenhouse effect. In the midlatitudes
in particular, the static stability is a key ingredient to any
theory of the general circulation.

[3] The determination of the static stability of the tropical
troposphere is relatively well understood: there moist con-
vection occurs over warm waters, and sets the upper
tropospheric temperatures. The temperature structure there
is thus approximately given by the moist adiabat [Xu and
Emanuel, 1989]. The moist adiabatic structure then results
in upper tropospheric amplification of global warming
within the tropics, and hence a more stable troposphere in
terms of dry stability with increases in temperature. In
observations, there remain discrepancies between model
predictions and observations in the tropics, but large obser-
vational uncertainties make it difficult to determine whether
this theoretical understanding is flawed [Climate Change
Science Program, 2006].
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[4] In the midlatitudes, on the other hand, the determi-
nation of the static stability is much less well understood
from a theoretical perspective. Early theories relied on dry
baroclinic eddy dynamics to understand midlatitude static
stability [Stone, 1972; Held, 1982]. Theories by Stone
[1978] and Held [1982] derive a constraint that relates the
static stability to meridional temperature gradients:

eZNHLﬁey. (1)

with 6 the potential temperature, f and [ the Coriolis
parameter and its gradient, and A some depth scale.
However recent studies have shown that the detailed
predictions of these theories are not borne out in a general
circulation model (GCM) [Thuburn and Craig, 1997] or in
reanalysis data [Juckes, 2000]. Recently, instead, focus has
been turned to moist convection as being important in the
determination of the midlatitude stability, as it is in the
tropics [Juckes, 2000]. In this argument, moist convection
occurs within the warm cores of baroclinic eddies (as it is
observed to in the work of Emanuel [1988]), setting a
minimum stability. The net moist stability of the mid-
latitudes is then determined by the standard deviation of the
surface equivalent potential temperature, which can be
related to meridional gradients through mixing length-like
closures. The end result relates the moist stability to surface
equivalent potential temperature gradients [Frierson et al.,
2006a]:

gez ~ gey (2)

where 6, is the equivalent potential temperature.

[s] The predictions of equation 2 have been found to be
accurate for a simplified moist general circulation model
[Frierson et al., 2006a]. Equation 2 predicts an increase in
dry stability with moisture content and thus with the mean
temperature of the atmosphere; in this sense the argument
could additionally be used to explain the increase in static
stability with sea surface temperature (SST) seen in the
aquaplanet full GCM simulations of Caballero and Langen
[2005].

[6] Simulations of global warming provide a unique test
of the determination of the midlatitude static stability. The
temperature changes in the more extreme scenarios can be
significantly larger than interannual variability within obser-
vations, but clearly not outside the range of realism. Further,
using the best models of various climate modeling groups
around the world and their associated parameterizations of
clouds, convection, and other physics provides a measure of
robustness to physical parameterization that is impossible
with a single model. In this paper we analyze the changes in
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Figure 1. Change in potential temperature (K) for the ensemble mean over all models, (left) DJF and (right) JJA, scenario
A1B minus scenario 20C3M. Areas with mean cooling (in the polar stratosphere) are not colored.

bulk (vertically integrated) measures of the static stability in
global warming scenarios in 21 coupled GCM’s, and
compare with the various theories listed above.

2. Description of Model Simulations

[7] We analyze data from 21 coupled GCM’s used in
the Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4). The data was archived
by the Program for Climate Model Diagnosis and Inter-
comparison (PCMDI), and is available from https://esg.
llnl.gov:8443/index.jsp. The models utilized, in order of their
archived meridional resolution from high to low, are: MIR-
OC3.2(hires); UKMO-HadGEM1; CCSM3; CSIRO-MKk3.0,
ECHAMS5/MPI-OM; GFDL-CM2.0, GFDL-CM2.1; IPSL-
CM4, UKMO-HadCM3; BCCR-BCM2.0, CGCM3.1(T63),
CNRM-CM3, FGOALS-gl.0, MIROC3.2(medres), MRI-
CGCM2.3.2, PCM; GISS-AOM; CGCM3.1(T47); GISS-
EH, GISS-ER, INM-CM3.0. Documentation for the models
is available at http://www-pcmdi.llnl.gov/ipcc/model
documentation/ipcc_model  documentation.php.

[8] We compare the Climate of the 20th Century (20C3M)
scenario with the SRESA1B scenario, which stabilizes at
720 ppm of CO2. We compare 18 years of the 20C3M
scenario, from September 1981 to August 1999, with
18 years of the SRESAI1B scenario, from September 2081
to August 2099. This follows to a large extent the analysis
procedure used by Yin [2005] to study the changes in the
latitude of the storm tracks in the AR4 models. We utilize the
monthly mean data sets in the following analysis. Simula-
tions are interpolated to T42 (2.8 degree) horizontal resolu-
tion to construct the multi-model ensemble mean diagnostics
below. Averages are omitted if over 50% of the data is
missing (e.g., if over half of the points at a particular latitude
and pressure level are underground). For surface averages,
we omit points where the surface is above 850 hPa.

3. Results

[o] In Figure 1 we plot the change in multi-model
ensemble mean, zonal mean potential temperature (6)
change for the A1B scenario minus the 20C3M scenario.
The mean for the months of December/January/February are
given in Figure 1 (left), and the mean for June/July/August
are given in Figure 1 (right). Familiar features dominate
these plots: polar amplification in the Northern Hemisphere
(NH) winter primarily confined to the lower troposphere,
stratospheric cooling, and increases in tropical static stabil-
ity associated with the moist adiabat. In addition to these

features, there is a clear increase in the static stability within
the midlatitudes: between 30 and 60 degrees, the upper
troposphere warms more than the lower troposphere by an
average of approximately 2 K. The increase in midlatitude
stability occurs within both hemispheres and in both sea-
sons, but the summer hemispheres show larger increases.
Additionally, the increases are greater in the Southern
Hemisphere (SH) when compared with the same season in
the NH.

[10] When differenced between the surface and 400 hPa
(we choose 400 hPa as the upper level for averaging the
static stability to avoid stratospheric cooling and changes in
tropopause height), the increase in stability occurs at all
latitudes in NH summer, SH summer, and SH winter. In NH
winter, there is polar amplification near the surface which
extends from the pole past 50 degrees, and the bulk static
stability only increases from the equator up to 56 degrees.
When averaged with latitude between 30 and 60 degrees
(we average between 30 and 60 degrees to avoid the Hadley
circulation and the latitudes of significant polar amplifica-
tion), the increases in bulk stability are 0.8 K, 2.2 K, 2.4 K,
and 2.9 K for NH winter, SH winter, NH summer, and SH
summer, respectively. Examining the longitudinal distribu-
tion of the stability changes indicates that the increase in
stability is significantly less over land in both hemispheres
and seasons (not shown).

[11] To explain the increase in dry stability, we next
analyze the changes in moist stability by plotting the change
in saturated equivalent potential temperature, 0%, = 0
exp(LC" %), with g* the saturation specific humidity and L,
the latent heat of vaporization, in Figure 2. For a moist
adiabat, 6*, is constant with height above the lifting
condensation level; the vertical profile of 6*, above the
boundary layer thus gives the moist stability of the atmo-
sphere in the same way as the vertical profile of 6 gives the
dry stability. As expected from the dominance of moist
convection within the tropics, the tropical troposphere
remains relatively neutral to moist convection in both
seasons, as indicated by the predominantly vertical nature
of the 6*, contours within this region (we explain the
deviations from the moist adiabat in the next paragraph).
The verticality of the 6*, contours extends well into the
midlatitudes however. The increase in saturated equivalent
potential temperature occurs in a manner that is approxi-
mately constant with height, with the primary exception
being where polar amplification is occurring. Throughout
much of the troposphere, in fact, the vertical temperature
structure of the atmosphere can be explained to first order
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