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Abstract

The static stability of the extratropical troposphere iaraxed in two atmospheric general circula-
tion models (GCM’s) over idealized boundary conditionghvemphasis on the role of moisture in
determining the midlatitude stability. The determinatadrihe static stability is compared within
two models: an idealized moist model with simplified repréagons of radiative transfer and
other physical processes, and a comprehensive GCM witlpliyisics. The GCM’s are run over
a zonally symmetric, fixed sea surface temperature (SST9@guoet surface, with a multitude of
SST distributions to study the response of the extratrbgiedic stability over a wide parameter
range.

In both models, the dry static stability averaged over thélatitudes increases both with in-
creases in the meridional temperature gradients, andmdgteases in the mean SST. These changes
in static stability are compared with both moist theoried dry theories. Dry baroclinic eddy theo-
ries are invalid for the entire parameter range in the idedliGCM, and for much of the parameter
range considered in the comprehensive GCM. A moist thearyhe other hand, works remark-
ably well in predicting the midlatitude stability over thatee parameter range for both models.
These simulations give strong support for the influence abtace on the thermal structure of the

midlatitudes.



1. Introduction

When examining the zonally averaged climate of the atmagplume of the first quantities one
notices is the change of temperature with height, or egemtbl the static stability. Tempera-
ture decreases with height throughout the troposphere%zbuaries as a function of latitude and
of height, as well as with season and climatic regime. Thedajate/static stability is also of
fundamental importance to the general circulation: it detees the buoyancy frequency of dry
perturbations in the vertical, the speed of gravity waves, the magnitude of the greenhouse ef-
fect (there is no greenhouse effect in an isothermal atmersphin the midlatitudes in particular,
the static stability is a key component of any theory of theggal circulation.

Static stability within the tropical troposphere is relaty well understood: there moist con-
vection over warm waters sets the upper tropospheric teatyess. The temperature structure
there is thus approximately given by the moist adiabat (Xadi Bmanuel 1989), and increases in
dry static stability are thus expected with increasing terafures. In the midlatitudes the determi-
nation of the static stability is much less well understokdrly theories relied on dry baroclinic
eddy dynamics to understand the midlatitude static stgbiliheories such as Stone (1978) and
Held (1982) use different theoretical concerns to deriverala constraint that relates the static

stability to meridional temperature gradients:

f
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with ¢ the potential temperaturg, and g the Coriolis parameter and its gradient, aidsome

depth scale, e.g., the tropopause height or the scale hdighiargument of Stone (1978) is based
on the idea that dry baroclinic eddies are efficient enougéxsxtly neutralize the atmosphere to
baroclinic instability. These “baroclinic adjustment’ettries and their various subtleties are re-

viewed in Zurita-Gotor and Lindzen (2006). A theory similafeqgn. 1 but derived using potential
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vorticity diffusion considerations was shown to be acaifatr an idealized dry general circula-
tion model (GCM) (Schneider 2004). Schneider’s theory eatds the meridional gradients at the
surface instead of in the midtroposphere as is typical indlaric adjustment theories.

Recent studies have shown that the detailed predictionseotity baroclinic eddy theories
are not borne out in a full GCM (Thuburn and Craig 1997), in @ plimitive equation model
under different forcing timescales (Zurita-Gotor 20086)jroobservations (Juckes 2000). Focus
has turned to moist convection as being a dominant factdrardetermination of the midlatitude
stability, as it is in the tropics (Juckes 2000). In this angunt, moist convection occurs frequently
within the warm cores of baroclinic eddies (Emanuel (1988)ty and Schneider (2006)), setting
a minimum stability. The net moist stability of the midlatites is then determined by the standard
deviation of the surface equivalent potential temperatuhgch can be related to meridional gradi-
ents through a mixing length closure. The end result retagemoist stability to surface equivalent

potential temperature gradients (Juckes (2000); Frieesah (2006)):

Azee ~ 8y98 (2)

whered, is the equivalent potential temperature, axndis an appropriate vertical difference.

We have studied the effect of moisture on midlatitude stdtibility in a simplified moist GCM
in the study of Frierson et al. (2006). In that model, we ingas increase in the moisture con-
tent of the atmosphere, and the dry static stability in@sasgnificantly in the midlatitudes, as
predicted in Eqn. 2. The moist theory of Eqn. 2 predicts amnease in dry stability with mois-
ture content and thus with the mean temperature of the atmosp Therefore one would expect
increases in the static stability of the atmosphere in satiris of global warming if the merid-
ional gradients do not change much. This can indeed be seke simulations of global warming

from the Intergovernmental Panel on Climate Change FousgeAsment Report archive, with sig-



nificant increases in midlatitude stability occuring in gveemisphere-season with the primary
exception being Northern Hemisphere winter (Frierson 2006 the Frierson (2006) study, the
increases in stability are compared with changes in thedioeral gradients, as in Egn. 2, and the
primary differences from the theory are attributed to tHeatfof land.

The presence of land provides at least two additional carafins to the static stability in the
global warming simulations: in Northern Hemisphere sumrtier increases in temperature over
land in the global warming simulations signficantly outpteechanges over ocean. Further, there
is also limited availability of moisture over land, whichus@s moist convection to be less domi-
nant. In order to better understand the determination o$thiéc stability of the midlatitudes, we
therefore find it useful to consider experiments with gelngraulation models over an aquaplanet
surface, to eliminate the complications that the surfacses We then hope to address the effect
of an idealized land surface on static stability in a fututelyg.

We use zonally symmetric, fixed sea surface temperature)(B&indary conditions, varying
the mean temperature and pole-to-equator temperatureegtaparately. This separation into
mean temperature and temperature gradient effects isluselistinguishing between the theories
of Equations 1 and 2. While the dry baroclinic eddy theoriesid not be expected to give changes
in dry stability with mean temperature, the moist theorydrts a large increase in the dry stability
over warmer temperatures due to increased moisture content

This paper is organized as follows: we provide a descriptibthe models used and their
boundary conditions in Section 2. Then, in Section 3 we sthdystatic stability within the ideal-
ized GCM, and in Section 4 we examine the full GCM simulationg& then conclude in Section

5.



2. Description of Model Simulations
2a. Sea Surface Temperature Distributions

The boundary conditions used in the simulations are fromptqger by Caballero and Langen
(2005). The surface is an aquaplanet (ocean-covered Eétthio topography, and fixed, zonally
symmetric SST distributions. The SST distributions taleftilowing functional forms, with two
control parameters:

Ts(¢) =T — AT(3SZTL2¢ - 1)/37 3)

whereT,, is the global mean temperatur&" is the equator-pole temperature difference, and
is latitude. The original Caballero and Langen (2005) fulM& simulations, which we analyze
here as well, varied;,, between 0 and5° C' with 5 K increments, and varied T between 10 and
60 K, with 5 K increments. Simulations with surface temperatures albdvé’ at the equator are
omitted, due to uncertainties that the model physics caarataly simulate such warm climates.
This gives a total of 69 full GCM simulations which we analyzere. To save computational
expense in the idealized model simulations, we run only aefubf these simulations with the
idealized GCM, using’;,, values of 0, 10, 20, 30 ar&h° C only, and varyingA7T between 10 and
60 K, with 10 K increments. There are therefore a total of 24 idealized G&péements, nearly
a factor of 3 less than the full GCM simulations. We found ihecessary to run over the full suite
of SSTs with the idealized model because the scaling relaticere more clearly distinguishable

in this model.



2b. ldealized Moist General Circulation Model

The idealized general circulation model consists of varisimplified physical parameterizations
coupled to a spectral dynamical core which solves the priengquations. The physics includes
gray radiative transfer, which means that water vapor ahdratonstituents have no effect on ra-
diative fluxes, a simplified Monin-Obukhov surface flux sclegmnd a K-profile boundary layer
scheme. These schemes are described in detail in Friersdn(2006), and all of the same pa-
rameters from the control simulation of this study are u¥¥e additionally use a simplified Betts-
Miller convection scheme (Betts (1986); Betts and Milleé@§6)), which is described in detail in
Frierson (2007). The convection scheme is used to improweenigal convergence primarily in
the tropics at the lower resolution than that used in thergoie et al. (2006) simulations. The
convection scheme parameters afg); = 2 h and RHspy,, = 0.8, and the “shallower” shallow
convection scheme from Frierson (2007) is chosen. TheimEh{GCM is run at T42 resolution,
with 25 vertical levels. The simulations are spun up for Iryaad statistics are calculated over 3

subsequent years of integration.

2c. Full General Circulation Model

The full GCM simulations were originally used to study posa heat transports in the study of
Caballero and Langen (2005). The model is a comprehensivd,®@h realistic parameteriza-
tions of clouds, radiation, convection, and other physitse atmospheric model used for these
simulations is PCCM3, which is the atmospheric componetii@fast Ocean-Atmosphere Model
(FOAM) (Jacob 1997). The model uses the physical paramzetesns of the NCAR CCM3.6
model (Kiehl et al. 1996) and the dynamical core of the NCARM2Onodel. The full GCM is

run at T42 resolution, with 18 vertical levels. These sirtiales are also spun up for 1 year, and



then statistics are taken for 3 subsequent years of sironlatVhen the SST is belo®? C in the

full GCM, sea ice is specified.

3. Static Stability in the ldealized GCM Simulations

We examine the midlatitude static stability first within tllealized GCM. In this section we first
study simple measures of the midlatitude stability, witledaveraging regions. We then refine the
averaging regions to be more appropriate to the regionsatkahfluenced by baroclinic eddies.

We begin by examining the static stability of the midlatigdising a naive measure: we av-
erage over the midlatitudes, from 30 to 60 degrees latitadd, examine bulk measures of the
stability, differenced between the surface to 40@:. This is the same stability measure studied
in Frierson (2006). The dry stability, i.e., the differencgotential temperature between 40Ba
and the lowest model level, is plotted in Figure 1a for eacthef24 idealized GCM simulations.
The x-axis of this plot is the meridional temperature gratigarameter\7’, and the y-axis is the
mean temperature paramefer. Each rectangle in the plot represents one simulation. dieigr
from this figure that the dry static stability varies consaddy over the simulations we consider,
from below5 K to aboved( K. The stability increases with meridional temperature gnatfor
instance, from 15 t85 K asAT varies from 10 t®60 K with 7, = 20), but also increases with
the mean temperature (for instance, from 1Q1d< asT,, varies from 0 t8B5° C' with AT = 30).
Increasing the mean temperature by a fixed amount is in gemera effective in increasing the
static stability than increasing the temperature gradient

We examine the moist stability changes averaged over the saidiatitude region in Figure
1b. The moist stability is defined to be the saturated egemtgdotential temperature at 40@°a

minus the surface equivalent potential temperature. Ehike identical moist stability measure



considered in Frierson (2006). The moist stability varigsisicantly less than the dry stability.
The smallest values occur for the lowest gradient, coldestte, which actually has a small moist
instability over the midlatitudes up to this height. Thegkest moist stabilities exist in the warmer
simulations with the largest gradients. For instance, astrsiability of over22 K is found for
theT,, = 10° C, AT = 60 K case. The moist stability increases with increaghig at all mean
temperatures, and increases a smaller amount with inar@asg .

We compare these initial bulk stability measures with thalisg theories presented in the
introduction in Figure 2. We first test the dry baroclinic gdhypothesis (Equation 1) by comparing
the dry stabilities with the midtropospheric (50@a) potential temperature gradients in Figure
2a. The meridional gradients are calculated by differemciver the same averaging region, 30
to 60 degrees. It is clear that many of the simulations d#tédrstantially from the dry baroclinic
eddy prediction, with significantly larger stabilities tharedicted by the meridional gradients.
These are the warmer simulations in Figure 1, which achiee® targer dry stabilities without a
corresponding increase in meridional gradients. Only tidest simulations exhibit any kind of
linear scaling of stability with temperature gradientseTny baroclinic eddy scaling of Schneider
(2004), which uses surface meridional gradients insteaddtiropospheric gradients, works worse
than the baroclinic adjustment version tested in Figurendaghown).

In Figure 2b, we compare with the moist theory of Juckes (200@tting the moist stability
against the surface equivalent potential temperatureiggrtad These quantities exhibit a strong
correlation: the simulations with larger moist stabiktie Figure 1b are associated with larger
surface equivalent potential temperature gradient. THaceiequivalent potential gradient clearly
increases with increases INT'; however, this gradient can increase with as well, due to in-
creases in moisture content. The slope implied by Figures 2ipproximately 0.5, with a 2 degree

increase in meridional gradient leading to &lincrease in moist stability. The primary discrep-



ancy in the moist scaling theory is the intercept. The sgakhation does not go through the origin,
and instead exhibits near zero stability with finite menndibgradient. We address this point later
in this section.

While it is useful to examine the stability over fixed averagregions, as in Figures 1-2, there
are shifts in the typical areas where baroclinic eddies oiccthese simulations which should be
taken into account in the scaling theories. These shiftardgooth in the horizontal and vertical.
First, there are significant shifts in the latitudes wheneblinic eddy activity is occurring in the
simulations, as can be seen from Figure 3a, which plots titeda of maximum eddy kinetic
energy (EKE), vertically integrated from the surface to HJ®:.. Some of the simulations with
the weakest temperature gradiends/{ = 10 K) have maximum EKE at the equator; we take
the secondary maximum in the midlatitudes as the latitudiév@se cases. One can see from
Figure 3a that there are large meridional shifts in EKE witthbmean temperature and meridional
temperature gradient. The latitude of maximum EKE shifteward both with increases in mean
temperature and with meridional gradient. For examplggtshifts from 32 degrees to 57 degrees
as the mean temperature increases fromfbtaC with AT = 30 K, and from 34 degrees to 50
degrees ad\7 varies from 10 tob0 K atT,, = 20° C'. The GCM exhibits a poleward shift of
approximately 0.7 degrees p&rincrease irl;,,. The shift with meridional temperature gradient
is smaller than this in general. We later show that the fullMGBas a significantly different
response in terms of sensitivity to meridional gradients,dxhibits a similar sensitivity to mean
temperature.

A poleward shift of the jet has been seen in observationsm@gemt decades (Fu et al. 2006),
simulations of global warming (Yin 2005), and has been natetle simulations of Frierson et al.
(2007a) using this same model as a response to increasetiraa@sntent. The poleward shift of

the jet stream is often associated with a shift of the Hadileytation edge (Lu et al. 2007), which



we study for these model simulations in Frierson et al. (BQOAIl of these responses could be
analogous to the shift with mean temperature seen here. Wetdeerform a thorough investi-
gation of possible mechanisms for the shift of EKE in theseusations: some mechanisms that
have been proposed include changes in meridional tempergtadients (Frierson et al. (2007a);
Yin (2005)), changes in static stability (Lu et al. 2007)anbes in tropopause height (Lorenz
and DeWeaver (2006)), stratospheric dynamics (Polvankarsthner 2002), and changes in eddy
momentum flux spectra (Chen et al. 2006).

In addition to latitudinal shifts, there are also can beiealtshifts of eddy activity. This is
not a dominant factor in the idealized GCM simulations, Butfifundamental importance for the
full GCM, so we present the changes in tropopause heightfbermompleteness. The pressure
of the tropopause, taken as the level where the lapse ratdifss £/km and averaged in a 25
degree band around the latitude of maximum EKE, is plotteBigure 3b. We use the slightly
unorthodox definition of the tropopause (usihd</km instead of2 K /km) because the latter
criteria produces somewhat unusual bulk stability prafiles instance, the moist stability can be
largest at the equator (despite essentially moist ad@apetfiles up to a slightly lower depth), and
then decrease out to the poles. T#hé& /km criterion appears to be more suitable for measuring
bulk stabilities, and for capturing the movement of eddyekim energy in the vertical over the
wide parameter range studied here. We discuss sensgitatidis criterion when appropriate. The
tropopause using this definition is around 30Ba in all cases for the idealized GCM. In gen-
eral, the tropopause lowers with both increases in meandetyre and increases in temperature
gradient, but there is non-uniform behavior in severaladdhe plot.

We design a new stability measure taking the above two shtfisaccount. We average merid-
ionally over a 25 degree region (9 gridpoints) centered miidhe EKE maximum, and calculate

stabilities up to the tropopause height. The new stabiliéasure is more appropriate for the actual



regions that are affected by baroclinic eddies. We plot thiesthbility and moist stability using the
new measure in Figure 4. The primary difference in these areass that the new moist stability
increases more with mean temperature as well as tempegtagleent. The dry stabilities now
range from just under0 K for the coldest, lowest gradient case to alniisti for the warmest
cases. The moist stabilities range frénk” to nearly40 K.

We examine the theories of Egns. 1-2 again with the more g@piate averaging regions se-
lected for all cases in Figure 5. In calculating the dry bAnacscaling in Figure 5a, we multiply
the midtropospheric temperature gradient by a factor ptapwl to f /3 calculated at the latitude
of maximum EKE, i.e., we multiply byan¢ with ¢ the latitude of maximum EKE. The use of the
f/ B factor significantly improves agreement with the dry theiargll cases. Examining Figure 5a,
we find that the dry baroclinic adjustment hypothesis sti#sinot do well in capturing the behav-
ior of the static stability. The warmest simulations exhilarge increase in static stability that is
not a function of midtropospheric temperature gradientweler even ignoring the warmest and
highest temperature gradient cases does not give a beteragnt with the dry scaling theory.
Again using surface temperature gradients as in Schn&86n{ worsens the agreement in Figure
5a, shifting the higher stability points on the curve to bk (not shown).

Examining the moist theory of midlatitude static stabiiityFigure 5b shows excellent agree-
ment. All of the simulations lie on a line whose slope is dlighreater than one that intercepts the
origin. The use of the different averaging regions has ndwesithe problem of nonzero intercept
that was found in Figure 2. There is a slight tendency towardsipward shift in the warmest,
highest gradient cases, but the agreement is quite goocherge Figure 5 gives strong support
for the theory of Juckes (2000) and Frierson et al. (2006) jiadicates that moisture is controlling
the temperature structure of midlatitudes in a relativetyode manner in this idealized aquaplanet

model. The discrepancies in Figure 5b are possibly due bewedrbitrariness in definition of the
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tropopause, or to changes in surface mixing lengths, whmhidvwause the surface standard devi-
ation of equivalent potential temperature to be not simpbpprtional to its gradient. With the dry
theory clearly ruled out and strong support for the moisbtizén the idealized GCM, we move on
to studying the full GCM to see if similar mechanisms are atkno determining the midlatitude

static stability in that context.

4. Static Stability in the Full GCM Simulations

We next examine the static stability in the full GCM using thed measure, averaged between
30 to 60 degrees latitude and between the lowest model lede#i@0h Pa. The dry stabilities
for the 69 full GCM simulations are plotted in Figure 6a. Thgire shows a similar behavior in
dry static stability as in the idealized GCM. Again the drglslity varies considerably over the
simulations we consider, from beldwi for the cold, low gradient climates, up to aboMeK for
the warmest climates. The stability increases with mendidtemperature gradient (for instance,
from 15 to36 K asAT varies from 10 t®0 K with T,, = 15), but also increases with the mean
temperature (for instance, from 1036 K asT,, varies from 0 to30° C with AT = 30). In
general, the stabilities in the full GCM are slightly lardglean idealized GCM at most points.

We examine the moist stability changes averaged over the $iaed midlatitude region in
Figure 6b. Similarly to the idealized model, the moist digbéxhibits an increase with increasing
meridional gradient. However, with mean temperature gmatdncreases, the moist stability stays
much more constant with height. The smallest values nowrdocuhe lowest gradient, warmest
climates, which have a small moist instability over the maidudes up tol00 hPa. The largest
moist stabilities exist in the warmest simulations witii’ = 60 K, with a moist stability o8 K

for theT,, = 15° C, AT = 60 K case. It is interesting to note that some of the full GCM
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simulations exhibit smaller moist stabilities despitgyardry stabilities. This is due to the larger
surface relative humidities in the full GCM as compared wittealized GCM.

We compare the fixed bulk stability measures with the scdhiegries for the full GCM in Fig-
ure 7. We test the dry baroclinic eddy theory in Figure 7acWiig analogous to the test performed
for the idealized model in Figure 2a. Here again the highsimulations differ substantially from
the dry baroclinic eddy prediction, with much larger stiigi$ than predicted by the meridional
gradients. However, there are some simulations in whicktpstability appears to approximately
scale with the midtropospheric temperature gradient. @aesthe colder, higher gradient climates
that we consider. We study whether the static stability @séhcases can actually be considered to
be set by dry baroclinic eddy dynamics in more detail latehenpaper. The Schneider (2004) the-
ory using surface meridional gradients does not exhibih sucustering of the coldest simulations
along a line, and performs worse for all cases (not shown).

In Figure 7b, we compare with the moist convective theory @h B2, plotting the moist sta-
bility against the surface equivalent potential tempeeagradient. Here there is also a significant
difference from the idealized model. The moist stabilityldhe surface meridional gradient are
correlated in general, but there is a significant amount oéagpin these simulations, with many
simulations having moist stabilities lower than the lindimkd by the coldest simulations. One
may infer from these plots that convection is playing some o the determination of the static
stability in the full GCM, but is not the sole determinant.w#ver, we next show this conclusion to
be incorrect by examining the shifts in latitude and in hgighd examining the more appropriate
stability measure. We find that the shifts are different mfilll GCM, but the determination of the
static stability is likely similar.

First, we plot the latitude of maximum EKE, integrated betwéehe surface and 100Pq in

Figure 8a. As in the idealized GCM, there is a large polewhifl sf EKE as the mean tempera-

12



tures increase. However, the poleward shift with incres@mperature gradient seen in Figure 3a
is not seen in this model. The jet shift in this model is pritlyaat function of mean temperature
only. It is difficult to assign an average shift per degreemiag in Figure 8a, because the shift
is more non-uniform in this model. Much of the shift occurs éolder temperatures, with,,
between 0 and5°C'. The idealized model and the full GCM also differ signifidgum jet location

for many of the simulations. While a few of the high gradieases have the jet latitude of the full
GCM located equatorward of the idealized model’s jet, far tmost part the full GCM is shifted
poleward with respect to the idealized GCM. It is importans@ame point to understand these
differences to develop a better understanding of the jettion in general, and the usefulness of
idealized models to study this question. We do not addresetboncerns in detail here, as the ex-
planations are likely not simple. However, one aspect thet be causing some of the differences
between these models is the tropopause height which we egarakt, which has been shown to
be important in determining the jet latitude in idealizeddalbstudies (Williams (2006); Lorenz
and DeWeaver (2006)).

While in the idealized GCM, the tropopause height staystivelly fixed, there are large
changes in this quantity in the full GCM, as can be seen inréi@b. The tropopause height
exhibits a large increase with mean temperature, and isesaaith meridional gradient to a lesser
extent as well. The tropopause is above B0 in the coldest, lowest gradient cases. The highest
tropopauses occur in the cases with mean temperatuB&°af’, where the tropopause height is
between 100 and 150Pa. The heights seen in Figure 8b are representative of thealypp-
per tropospheric maxima of eddy kinetic energy for all casies eddies shift upward with mean
temperature as well.

It is generally expected that a warmer troposphere would fea higher tropopause height:

with a fixed tropopause temperature and a constant lapsethateéropopause height increases
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with surface temperature. Further, a decreased lapse ttltenareased mean temperature (Figure
6a) adds to this effect, and causes the tropopause to rise. Midre lapse rate effect is likely
dominant in causing the mild increase in tropopause heightweridional temperature in Figure
8Db. Increases in tropopause height have also been seereirvatisns over recent decades (Santer
et al. (2003); Seidel and Randel (2006)) and in simulatidrggabal warming (Santer et al. 2003).

So if the increase in tropopause height with increasing niefauperature and decreasing lapse
rate is expected, why does this not occur for the idealizetM@The answer is that the tropopause
temperature is not as constrained in this model. With grdiatare transfer, and no constraint on
the outgoing longwave radiation/skin temperature, thpdpause temperature varies considerably
in the idealized model simulations, which allows the inaade of tropopause height in Figure 3b.
In fact, in gray radiative-convective equilibrium with adik lapse rate, one can show analytically
that the tropopause temperature adjusts so that the peesfstive tropopause is completely insen-
sitive to the surface temperature. It is also worth disaigstie reasons that the tropopause height
is lower in general for the idealized GCM. Preferential @¢iph of frequency bands (e.g., CO2
bands) in the lower atmosphere allows the tropopause am@tefficiently by emitting in those
same bands. In the gray model, there is no frequency depeaadrmbsorption or emission, so
such enhanced cooling cannot occur. Thus with a full radiatiansfer scheme, the tropopause
temperature is significantly lower, and the tropopausegbdr (Raymond Pierrehumbert, personal
communication).

We next study the stability measure which takes into accdhbetshifts in latitude and
tropopause height. We again average meridionally over aegfsee region (9 gridpoints) cen-
tered around the EKE maximum, and calculate stabilitieoupé tropopause height. We plot the
dry stability and moist stability using the new measure gufe 9. Dry and moist stability both in-

crease for all simulations using this measure, which is niqirssing because the tropopause height
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is well above 400, Pa for all cases. Now the dry stabilities range fram K for the coldest, low-
est gradient case @) K for the warmest cases. The moist stabilities exhibit mora gdialitative
change. The new moist stability increases with mean tertyreras well as temperature gradient,
as for the idealized GCM in Figures 1b and 4b.

Examining the theories of Equations 1-2 again with the maar@priate averaging regions
selected for all cases, we find that the dry baroclinic edgyottyeses perform significantly better
than in the idealized GCM simulations. The warmer casdgdstihot conform to the scaling rela-
tion, experiencing significantly larger stabilities thareglicted by Equation 1. It is fair to rule out
baroclinic adjustment from occuring in any of the simulasavith7,,, = 20 —35° C. In the colder
simulations, however, it is impossible to discount the blnic adjustment hypothesis. A regime
transition between convectively-controlled and eddytemled stability occurs in simulations of
Schneider and Walker (2006). We examine these simulationsore detail later in the paper, to
see whether a regime transition is the proper way to intetpese simulations. It is important to
note that the poleward shift of the jet and the factof ¢f is a very important factor in improving
the agreement in Figure 10a. The increase in latitude of maxi EKE allows larger static stabil-
ities without increased meridional gradients, by incneggi and decreasing in Equation 1. We
additionally plot the Schneider (2004) scaling theory fogde quantities in Figure 11. This the-
ory does similarly well to the baroclinic adjustment formtithn in this case, with large deviations
occurring for the high temperature cases, and a fairly fisealing for the colder simulations. In
the Schneider (2004) framework, again both the polewar shthe jet and thef/ factor are
important in improving the agreement in the colder cases.

We next examine the moist theory of midlatitude static ditgan Figure 10b. The theory of
Equation 2 shows excellent agreement for all simulatioow, that the two shifts in circulation are

taken into account. As in Figure 5b, all of the simulationseHge on a line whose slope is slightly
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greater than one that intercepts the origin. Changes iropayse height are most important in
improving the scaling relation from Figure 7b, but changeshie latitudes also contribute. It
is somewhat remarkable that while the dry theory shows ageeé only in a certain range of
simulations, the moist theory shows no such disagreementasw parameter regime. As in the
idealized GCM, wherever the surface equivalent potengialpterature gradients are larger, the
moist stability increases in an approximately linear marasewell. There is a slight tendency in
Figure 10b towards increased stability relative to thedirfé at higher temperature gradients, as in
the idealized model. We again suggest that possible redsotigs behavior are the arbitrariness
of tropopause height selection, or changes in surface girimgth.

In Section 3, we describe the slightly unorthodox tropopadesfinition that we use here. If
the standard WMO criterion is used in Figure 10, both the diaoist theories are made worse,
essentially by shifting both of these curves upward. Thettgories are made slightly worse
than the moist theory with the WMO tropopause. Changing ithgopause criteria we use by a
degree in either direction (e.g., 30K /km or 5 K/km) does not qualitatively change the results
we present here. We have also experimented with differestaging regions around the EKE
maximum, which also does not qualitatively change the tesyl a significant amount.

In order to better study whether the dry and moist theoriesbeadistinguished in the colder
temperature cases, we directly compare these scalingsdan temperatures of— 15° C' only
in Figure 12. Both the dry baroclinic adjustment scalingotlygFigure 12a) and the moist scaling
theory (Figure 12c) show approximately equivalent agregnwith the Schneider (2004) theory
(Figure 12b) working slightly less well. The primary diféerce in the dry baroclinic adjustment
scaling theory in Figure 12a are large spreads of ovek Mith the middle temperature gradients,
and large stabilities for the coldest, lowest gradient sas®e the moist scaling in Figure 12c, the

primary differences are spreads of approximatelly over the middleA 6, ,,,; values, and the
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general tendency towards upward concavity. Since the @gyngctheories do not perform better
in any regime of the simulations considered here, we argatdlte most parsimonious explanation
is that moisture controls the static stability in the full MGor all simulations, as it does in the
idealized GCM. An additional comforting result about theish@caling theory is that this pro-
vides a very simple explanation for why the dry static stgbihcreases with mean temperatures:
that the moist adiabat is more stable with increased sutémperatures. The explanation involv-
ing Equation 1 would have to reference the poleward shifhefjet and complicated changes in
midtropospheric gradients which do not follow the surfaamperature gradients. We find these
results rather convincing for the relevance of moistureatedmining the static stability of mid-
latitudes for all the simulations considered here. Moreusattions or diagnostics are necessary
to fully evaluate the importance of dry baroclinic eddiessus moist processes in the colder full
GCM cases, for instance by examining where convection gowithin baroclinic eddies in these
simulations, and examining vertical eddy dry static endhgyes versus convective fluxes. Unfor-
tunately such diagnostics are not available for the full GS&iMulations (as only monthly averaged
data exists), so additional simulations will be necessapetrform such diagnostics.

It is interesting to discuss the reasons why baroclinic stdjent theories may appear to be
true if moisture actually controls the static stability. WWelieve the poleward shift of the jet with
warmer temperatures is intimately related to this, for teasons. The jet shifts strongly toward
higher latitudes with increases in mean temperature, bg Gp tlegrees. This shift moves the eddy
activity first of all towards colder temperatures, whera¢his less moisture. Second, it moves the
jet towards larger values of /3, so the stability can be larger for fixed meridional tempenet
gradients. It is likely that both of these factors contrétd give the degree of agreement seen in
Figure 10a. Since the full GCM has its jet latitude polewafdhe idealized GCM for many of

the cooler simulations, this additionally explains why timg scaling works better in the full GCM
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than the idealized GCM.

A final question of interest is whether any alternative mthstories would be successful at
predicting the midlatitude temperature structure. Fotanse, one may attempt to extend the
dry baroclinic hypotheses to include moisture by simplylaejmg the potential temperature with
equivalent potential temperature in Egn. 1. We note that ihheuristic in both the baroclinic
adjustment viewpoint and the potential vorticity diffusitsamework. It is inadequate in the baro-
clinic adjustment case because there is no clear baroatisigbility criterion for moist baroclinic
instability. Further, it is impossible to define a moist putal vorticity quantity which is con-
served in the presence of condensation, so diffusive gsanch as Schneider (2004) should not
be expected to be easily extended to include moisture either

However, despite these limitations, we have examined thiésanative moist scalings for both
GCMs. For the idealized GCM, it is impossible to distinguistween the theory presented in
Eqgn. 2 and theories replacing the potential temperature @quivalent potential temperature in
either the baroclinic adjustment framework or the diffesitamework. In the full GCM, on the
other hand, it is possible to rule out both of the alternatiast scalings. These are plotted in
Figure 13. Figure 13a shows the moist version of the bargctdjustment theory, and Figure
13b shows the moist version of the diffusive theory. It isaclEom these plots that the alternative
moist hypotheses are significantly less adequate than #ti@egshown in Figure 10b. This result
is suggestive that the Juckes (2000) framework is the pnoyest framework for thinking about
midlatitude stability. However, we emphasize that the aigyinite conclusion that can be made
without further study is that moisture plays a fundamentég in setting the midlatitude static
stability. In particular, more research is needed to datemnwhether moist convection within
baroclinic eddies does indeed play the fundamental rolesiting the midlatitude stability, or

whether some non-convective moisture effects on baredtiddies are sufficient.
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5. Conclusions

We have studied the determination of the midlatitude st#bility in two aquaplanet general cir-
culation models. Our studies of coupled atmosphere-oceatehsimulations have indicated that
land surfaces complicate the determination of the stadibilily in midlatitudes in the Northern
Hemisphere (Frierson 2006), so the aquaplanet framewakigeful one for evaluating the effi-
cacy of simple theories for midlatitude stability. Furthidye use of the set of fixed SST boundary
conditions studied by Caballero and Langen (2005) additigrsimplifies the interpretation of
results. A zonally symmetric surface allows us to ignorenstmmplications as stationary waves,
while the simplification into changes due to mean tempeeadnd temperature gradient is a useful
simplification as well.

We study the stability in an idealized GCM, with highly sinfiigld physical parameterizations,
and a full GCM, with state-of-the-art parameterizationsadfiative transfer, clouds, convection,
and other processes. The results from the idealized moglelear. There we find that “baroclinic
adjustment,” the conjecture that the dry isentropic sldpeukl stay constant (Stone 1978), has
no success in predicting the temperature structure of thesgthere. There are large changes in
the static stability that are not accompanied by changekemteridional temperature gradient,
meaning that the isentropic slope varies considerably. [femraative dry baroclinic eddy hypoth-
esis based on potential vorticity diffusion (Schneider£0tan also be clearly ruled out for these
simulations.

In the idealized model, a moist scaling theory, similar tattbriginally proposed by Juckes
(2000) (modified slightly by Frierson et al. (2006)), workstg well in predicting the static stabil-
ity of the atmosphere over a wide parameter range. This yhamstulates that the moist stability

of the atmosphere is proportional to the equivalent paaétemperature gradient at the surface.
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Therefore given the surface temperature gradient, oneataunlate both the moist and dry stability
to a high degree of accuracy. Increases in mean temperattnease the dry static stability both
through increases in the dry stability of the moist adiabat] through increases in the surface
equivalent potential temperature and its gradient (whiclhaases the moist stability as well as the
dry stability).

In the full GCM, the moist scaling theory also works well, wheertical and meridional shifts
of the circulation are taken into account. There are largeaugs shifts of the tropopause and
poleward shifts of eddies as the mean temperature incred$esdry baroclinic adjustment hy-
pothesis can be ruled out f@f,, > 20° C, but it is impossible to distinguish between the dry and
moist scaling theories with;,,, < 15° C. Since there is no evidence for a regime transition with
the moist scaling theory, the simplest explanation wouldeap to be that moisture controls the
static stability in all cases for the full GCM as well, as itedoin the idealized GCM. Shifts of
eddies into colder (and less moist) latitudes and intaddés where th¢ /5 factor is larger causes
the dry scaling theory to work better in the full GCM. In thi®del it is also possible to rule out
alternative moist hypotheses.

There are two outstanding problems of interest that areestgd by this work, that we plan to
study in detail next. First, we have found in a previous st{iierson 2006) that land surfaces are
a primary complicating factor. With the influence of moistigection on static stability better es-
tablished for the aguaplanet case, we plan next to studytheence of a land surface on the static
stability. The lack of availability of moisture is likely timit the influence of moist convection
over and downwind of land. Further, for changes such as bledraning or the seasonal cycle, the
different heat capacity of land is likely to be an importattbr as well. The land surface becomes
much colder in winter, and warms more in the summer and wibbhajlwarming. The effect of

these factors on static stability and midlatitude dynarmageneral will be interesting to study in
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an idealized context.

Finally, another important result that we have mentionee lie the meridional shifts of the
jet with mean temperature and temperature gradient in tleentwdels. This is a problem of
fundamental importance, and one that climate modelingecsrdtruggle with often, to get the
mean storm tracks in the proper location. It is quite possibat the quantities we study here
are relevant in determining the jet shift. For instance,dtagic stability can easily influence the
position of the jet stream by reducing baroclinic growtresafthe maximum Eady growth rate,
for instance, is inversely proportional to the static digf)j thereby stabilizing baroclinic eddies
at lower latitudes. The fact that the two models consider@ Ihave different jet locations for
many of the simulations may mean that the idealized GCM isveot suitable for study of the
jet latitude. However, the trend with mean temperature isébin both models, to a somewhat
similar amount. Use of two-band radiative transfer, whiah bave much of the simplicity of the
gray model with a more realistic tropopause, may be usefotidging the gap between these two
models. A detailed study of the effect of tropopause heigimperature gradients, static stability,

and other factors is warranted within these models.
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Figure 1: Bulk dry stability ) (a) and bulk moist stability ) (b) between the surface and
400 hPa, averaged between 30 and 60 degrees latitude, fatethiezed GCM. See text for full

definition of stabilities.

29



40F Xy
x - X :
X
X
30w R
X
CI:,N . X X
<20 X
X X x
X
10
>S<‘
>< .
0 L
0 10 20 30
A O .
y mid

30

0
y e surf

40

50
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degrees latitude, for the idealized GCM. (a) Dry stabiligysus midtropospheric potential temper-
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Figure 3: (a) Latitude of maximum vertically integrated gddnetic energy (degrees) and (b)

pressure of the tropopaugeKa) for all idealized GCM simulations.
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definition of stabilities.

34



30

40 """ X”’X"x x 25 ,,,,,,,,,,,,,
x x % il X X >§<
% x x X 20t X X
30f - x X & x x X
x  x X x  xX X
@ X oxx X o15f Xy X
N W XX g @ WX % %
osnl.... ... .. X X qN X
20 | 00 10F R SR VRV R
X X
x XK % %« |
. Y- 5l 8 3
,,,,,,,,,,, . X : .
X xxXx%?”?XX *ox X
‘X 0 X ; X :
X ; % X :
0 . . . -5 . . . . .
0 10 20 30 40 0 10 20 30 40 50
y emid Ay ee surf

Figure 7: Bulk stability (up to 400 hPa) versus meridionadients, averaged between 30 and 60
degrees latitude for the full GCM simulations. (a) Dry sli#piversus midtropospheric potential

temperature gradient. (b) Moist stability versus surfapgvalent potential temperature gradient.
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Figure 8: (a) Latitude of maximum eddy kinetic energy (degjend (b) pressure of the tropopause

(hPa) for the full GCM simulations.
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Figure 9: Bulk dry stability {£) (a) and bulk moist stabilityX) (b) between the surface and the
tropopause, averaged within 25 degrees of the latitude afrman eddy kinetic energy for the

full GCM simulations. See text for full definition of stahigs.
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Figure 10: Bulk stability (up to tropopause) versus mendiogradients, averaged 25 degrees
around the latitude of maximum eddy kinetic energy for tHEGCM simulations. (a) Dry stability
versus midtropospheric potential temperature gradier@sj /5. (b) Moist stability versus surface

equivalent potential temperature gradient.
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Figure 11: Dry baroclinic scaling theory of Schneider (200dulk stability (up to tropopause)
versus surface meridional potential temperature gradieetraged 25 degrees around the latitude

of maximum eddy kinetic energy for the full GCM simulations.
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Figure 12: Bulk stability (up to tropopause) versus memdiogradients, averaged 25 degrees
around the latitude of maximum eddy kinetic energy, for dhly coldest mean temperature full
GCM simulations, withl;,, = 0,5,10, and15° C. Each line connects the simulations with fixed
T,.. (a) Dry stability versus midtropospheric potential temgpere gradient timeg/;5. (b) Dry
stability versus surface potential temperature gradiemesf /5. (c) Moist stability versus surface

equivalent potential temperature gradient.
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Figure 13: Alternative moist scaling theories for the fulC® simulations. (a) Moist stability
versus midtropospheric equivalent potential temperaguadient timesf /3. (b) Moist stability
versus surface equivalent potential temperature gratiaets f /5. All quantities are averaged up

to the tropopause height and within 25 degrees of the laitiadnaximum eddy kinetic energy.
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