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ABSTRACT

Responses of the atmospheric circulation to a doubling of CO, are examined in a global climate model,
focusing on the circulation on both dry and moist isentropes. The isentropic circulations are reconstructed
using the statistical transformed Eulerian mean (STEM), which approximates the isentropic flow from the
Eulerian-mean and second-order moments. This approach also makes it possible to decompose the changes in
the circulation into changes in zonal mean and eddy statistics.

It is found that, as a consequence of CO, doubling, the dry isentropic circulation weakens across all lati-
tudes. The weaker circulation in the tropics is a result of the reduction in mean meridional circulation while
the reduction in eddy sensible heat flux largely contributes to the slowdown of the circulation in the mid-
latitudes. The heat transport on dry isentropes, however, increases in the tropics because of the increase in dry
effective stratification whereas it decreases in the extratropics following the reduction in eddy sensible heat
transport. Distinct features are found on moist isentropes. In the tropics, the circulation weakens, but without
much change in heat transport. The extratropical circulation shifts poleward with an intensification (weak-
ening) on the poleward (equatorward) flank, primarily because of the change in eddy latent heat transport.
The total heat transport in the midlatitudes also shows a poleward shift but is of smaller magnitude. The
differences between the dry and moist circulations reveal that in a warming world the increase in midlatitude
eddy moisture transport is associated with an increase in warm moist air exported from the subtropics into the

midlatitude storm tracks.

1. Introduction

As a consequence of anthropogenic climate change,
the Coupled Model Intercomparison Project phase 3
(CMIP3) models predict several robust impacts of
global warming. For example, the whole troposphere is
expected to extensively warm up from the deep tropics
to the middle and high latitudes as well as a polar am-
plification at Northern Hemisphere low levels (e.g.,
Solomon et al. 2007). The water vapor content in the at-
mosphere is projected to increase significantly by about
20% for a 3-K rise of global surface temperature follow-
ing the Clausius—Clapeyron relationship and assuming
constant relative humidity (e.g., Held and Soden 2006).
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As the tropical free atmospheric temperature follows
the moist adiabat, the dry static stability in the tropics
increases robustly among models as the surface tem-
perature and low-level moisture increases (e.g., Held
and Soden 2006; Lu et al. 2008).

As a result of the large increase in the water vapor
content in the atmosphere, the tropical circulation is
expected to slow down in global warming simulations
(Held and Soden 2006). They argue that for deep con-
vection, the precipitation rate P is related to the convec-
tive mass flux M by P = Mg, with g the specific humidity.
This amounts to assuming that air parcels leaving the
boundary layer all condense and precipitate. The per-
centage change in convective mass flux can be written
as SM/M = (8P/P) — (8q/q) ~ (8PIP) — a(T)5T, where
a ~0.07 K~!, denoting a 7% increase in saturation vapor
pressure for each 1-K temperature rise, and the approx-
imation in the equation is due to the Clausius—-Clapeyron
relation and the assumption of constant relative humid-
ity. The precipitation percentage change 6P/P is about
2% K~ ! and is largely constrained by the energy budget
at the top of the atmosphere and at the surface. As the
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atmospheric water vapor increases more rapidly than the
precipitation increase (ie., 7% K™! > 2% K1), the
overturning circulation has to slow down (i.e., 6M/M <0).
An alternative interpretation for the weakening of the
tropical mass flux stems from the balance between radia-
tive cooling (Q) and adiabatic warming associated with
descending motion in regions absent of deep convection;
thatis, QO = wd0/dp, where w is the vertical motion and 6 is
the potential temperature. The stratification in the tro-
posphere (36/dp) is proportional to ¢ and thus increases at
the same rate as g does. As the radiative cooling does not
increase as rapidly as the stratification, the descending
motion weakens.

The argument presented by Held and Soden (2006)
pertains primarily to the tropics. In the extratropics, the
atmospheric general circulation is dominated by the
eddies and is better quantified in isentropic coordinates.
Indeed, the Eulerian-mean circulation in the midlatitudes
is characterized by the presence of the Ferrel cell, which
is associated with an equatorward energy transport. In
contrast, the circulation averaged on isentropic surfaces
incorporates a contribution from the midlatitude eddies,
akin to the Stokes’ drift in gravity wave, and exhibits a
single equator-to-pole overturning cell within each hemi-
sphere. Characterizing the midlatitude circulation is fur-
ther complicated by the fact that the isentropic circulation
depends strongly on the choice made in the definition
of the isentropic surfaces. Pauluis et al. (2008, 2010)
show that the circulation averaged on moist isentropes—
defined as surfaces of constant equivalent potential
temperature—is twice as strong as the circulation on dry
isentropes—defined as surfaces of constant potential
temperature. The difference between the dry and moist
isentropic circulation is closely tied to the transport of
water vapor by the midlatitude eddies (Pauluis et al. 2010,
2011; Laliberté et al. 2012). In this paper, the changes in
both the dry and moist isentropic circulations are used to
characterize how the midlatitude storm tracks adjust to
a warmer climate.

Laliberté and Pauluis (2010) analyzed the response
of the isentropic circulations in an ensemble of CMIP3/
Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4) coupled climate
models under the A1B scenario. They calculated the
exact isentropic circulations by summing up the me-
ridional mass flux of air parcels with entropy less than
certain values. The circulations were analyzed and com-
pared in both dry and moist isentropes with the dif-
ference depicting the baroclinic eddies extracting
warm moist air from the subtropical lower levels into the
midlatitude upper troposphere (Pauluis et al. 2008).
They demonstrated that, in response to global warming,
the midlatitude circulation [averaged over the regions
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25°N(S)-60°N(S)] on dry isentropes, in terms of both
total mass and heat transports, consistently weakens in
winter hemispheres across different models while the
moist branch, defined as the difference between the dry
and moist circulations, strengthens. This suggests that,
in a warmer climate, the midlatitude eddies are expected
to play a significant role in the atmospheric circulation by
extracting a larger amount of warm and moist air from
the subtropics into the midlatitudes.

In this paper, we extend the work of Laliberté and
Pauluis (2010) and explore the dynamical mechanisms
underlying the circulation responses on dry and moist
isentropes to global warming. The dynamical mecha-
nisms are explored by using the method of statistical
transformed Eulerian mean (STEM) recently developed
in Pauluis et al. (2011). The STEM method assumes a
Gaussian distribution for the joint probability density
function of the meridional mass transport and provides an
analytical formulation for isentropic circulations using
monthly and zonal mean meridional velocity, isentropes,
meridional eddy fluxes, and eddy variances. The STEM
isentropic circulation compares well with that of the
exact calculation and can be further separated into
the Eulerian-mean and the eddy components. One
of the main advantages of this STEM formulation, over
the conventional transformed Eulerian-mean (TEM)
formulation, is that it is applicable in nonstratified ver-
tical coordinates such as the equivalent potential tem-
perature 6., making the diagnosis of the circulation on
moist isentropes feasible. The other improvement is that
the streamlines of the STEM circulation do close above
the surface. The method of STEM provides a valuable
framework to analyze and understand the isentropic cir-
culation response to global warming.

As an example of anthropogenic climate change ex-
periment, we make use of an existing model experiment
with a uniform doubling of CO, in the atmosphere per-
formed on the National Center for Atmospheric Re-
search (NCAR) Community Atmospheric Model version
3 (CAM3) coupled to a Slab Ocean Model (SOM). It has
been found in previous studies that major features of the
doubling CO, response in the NCAR CAMS3 are con-
sistent with that in CMIP3/IPCC AR4 multimodel aver-
ages such as the broad upper-tropospheric warming, the
rise of the tropopause height, and the poleward shift of
the extratropical zonal jets and the storm tracks (Wu
et al.2012). In addition, as in Laliberté and Pauluis (2010),
the changes in dry and moist isentropic circulations are
quite robust among different CMIP3/IPCC AR4 climate
models, especially in winter hemispheres, and the NCAR
Community Climate System Model (CCSM3.0), which is
a fully coupled model with higher horizontal resolution of
CAM3, is one of them. This provides a certain extent of
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confidence in further analyzing the isentropic circulation
response and its associated dynamical mechanisms within
this model. Of course this technique of the STEM will
eventually be applied to an ensemble of the latest gen-
eration of coupled climate models (i.e., the CMIP5), but
the focus of this paper is primarily the introduction of the
technique and how it works in understanding the is-
entropic circulation response to global warming in the
NCAR CAM3. In this paper, we apply the technique
of the STEM to analyze the circulation response to
a doubling of CO, on both dry and moist isentropes.
Moreover, the mechanisms underlying these changes are
further examined via decomposition of the anomalies
into the changes in commonly used climate variables such
as the mean meridional circulation, isentropes, meridio-
nal eddy sensible and latent heat fluxes, and eddy vari-
ances according the STEM formulation. Comparisons
between the dry and moist isentropic circulations also
provide a direct assessment of the effects of moisture in
the atmospheric circulation response to global warming.
Here is the outline for this paper. In section 2, we in-
troduce the climate model simulations that were used in
this study. In section 3, the diagnostic methodology using
the STEM formulation is presented. Section 4 presents the
climatologies and doubling CO, responses in both dry and
moist isentropes and in both Eulerian-mean and eddy
circulations and their associated dynamical mechanisms.
Discussion and conclusions are summarized in section 5.

2. Climate model simulations

In this study we make use of a CO, doubling experi-
ment performed using the NCAR CAM3, which is a
typical IPCC AR4-class general circulation model
(Collins et al. 2006). The atmospheric model is coupled to
a slab ocean model—where the ocean heat transport (“Q
flux”) is prescribed and the sea surface temperatures only
adjust to surface energy imbalance—and a thermody-
namic sea ice model. The experiment generates a pair of
single- and doubled-CO, simulations (named 1 X CO,
and 2 X CO,), both of which have a total of 50 ensemble
runs generated with slightly perturbed initial condi-
tions. The CO, concentration is fixed at 355 ppmv for the
1 X CO, simulation while the 2 X CO, simulation in-
stantaneously doubles the CO, concentration to 710 ppmv
uniformly everywhere in the atmosphere starting from
1 January. Both the 1 X CO; and 2 X CO, simulations
are integrated for 22 years until radiative equilibrium is
reached. More information on the model itself and ex-
perimental design can be found in Wu et al. (2012).

Wu et al. (2012, 2013) focused on the transient ad-
justment in the atmospheric zonal mean circulation
immediately after the CO, concentration is doubled,
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which better reveals the dynamical mechanisms caus-
ing the circulation changes to global warming than the
equilibrium response. It is found that both the tropo-
spheric warming pattern and circulation change is well
established only after a few months of integration. The
tropospheric jet shift in the Northern Hemisphere (NH)
takes place after a westerly anomaly in the lower strato-
sphere, and the authors demonstrated that this ““down-
ward migration” process occurs via changes in linear
refractive index and resulting changes in tropospheric
eddy propagation in the meridional direction. In the
meanwhile, the increased eddy momentum flux conver-
gence induces an anomalous mean meridional circulation
in the NH extratropics, which warms up the subtropical
upper troposphere adiabatically. In the equilibrium state,
a lot of global warming features found in CMIP3/IPCC
AR4 models are also well simulated in the CAM3—for
example, the broad tropical and subtropical upper-
tropospheric warming and the poleward shift of the tro-
pospheric zonal jets and transient eddies. This provides
credentials in using this model to identify the dynamical
mechanisms to global warming.

The work in Wu et al. (2012, 2013) is primarily based
on the framework of conventional zonal mean circula-
tion and the dry dynamics. In this paper, we aim to ex-
amine the circulation response as a consequence of CO,
doubling in both dry and moist isentropic coordinates
in the STEM framework. The dynamical mechanisms
underlying these changes are also explored via decom-
position of the anomalies into changes in different cli-
mate variables such as the mean meridional circulation,
isentropes, eddy flux, and eddy variance. The role of water
vapor in the atmospheric general circulation to global
warming is also investigated via comparisons between the
dry and moist isentropic circulations.

In this paper, we primarily focus on boreal winter
November—February (NDJF) since a large extent of con-
sistency in isentropic circulation response exists among
different CMIP3/IPCC AR4 coupled models in boreal
winter (Laliberté and Pauluis 2010). The responses in
boreal summer June-September (JJAS) are also ana-
lyzed and are in general agreement with the results in
boreal winter. In addition, the doubling CO, response is
defined as the difference between the 2 X CO, and 1 X
CO, simulations while the climatologies are the results
from the 1 X CO, simulations. Both the climatologies and
the doubling CO, response are averaged among the 50
ensemble runs.

3. Diagnostic methodologies

Assuming a Gaussian distribution for the meridional
mass transport’s joint probability density function,
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Pauluis et al. (2011) derived a new method for approx-
imating the mean meridional circulation in an arbitrary
vertical coordinate and it is named the STEM formula-
tion. In the STEM framework, isentropic streamfunction
can be decomposed into the Eulerian-mean and the eddy
component (i.e., Ve stem = VYeruL + Yepppy) and

_ A ¢ 2
\Pf,EUL(‘l—)’ §1 §l2) = J_ ng d~w
v _(E_F)?
8 v—l/z exp[ (f—f) ] and
Vamg? 28/
1)
I e ,
Ve VE £ = [ [ apTT
/gf(f 8, {_(g _ g)z]
—302 €Xp — ,
\‘5;5’ 26
2)

where overbars denote zonal and monthly averages and
primes present deviations from them. Therefore, the
eddy component includes both stationary and transient
eddies. The atmospheric circulation in this study is av-
eraged on dry and moist isentropic surfaces, where ¢ is
the potential temperature 6 and the equivalent potential
temperature 6,, respectively. The Eulerian-mean stream-
function is a function of the zonal and monthly mean
meridional velocity o, isentropic surfaces &, and variance
of isentropes & [shown in Eq. (1)]. The eddy stream-
function is determined by the zonally and monthly aver-
aged eddy flux v'&, isentropic surfaces &, and variance
of isentropes &° [shown in Eq. (2)]. The major advan-
tage of the STEM method is that it can be applied in
arbitrary vertical coordinates such as nonstratified 6,
surfaces as opposed to that in the framework of TEM.
Also the streamlines of the STEM circulation do close
at the surface.

A few quantitative measures of the isentropic circula-
tions are the total mass transport AW, total heat trans-
port Fg, and effective stratification A¢. The total mass
transport in ¢ coordinate is defined as the difference be-
tween the maximum and minimum of the streamfunction
at certain latitude:

A¥, = max, ¥, —min V¥, 3)

the total meridional heat transport in ¢ coordinate is
written as
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and the effective stratification is defined as the ratio of
the total meridional heat transport and the total mass
transport:

A¢= L (5)

The meridional ¢ transport is conserved in ¢ coordinate
in the STEM formulation and is the same as that in
pressure coordinate (Pauluis et al. 2011). The effective
stratification can be qualitatively regarded as the thick-
ness of the overturning cell in & coordinate.

In a changing climate, climate variables such as the
zonal and time mean meridional velocity, isentropic sur-
faces, eddy fluxes, and eddy variance are expected to
change, all of which alter the circulation in isentropic co-
ordinate. According to the formulation of the STEM, we
decompose the anomalies in isentropic streamfunction
into the contributions because of the changes in the mean
meridional velocity v, the eddy flux v'¢, and the mean
isentropic surface &, and its variance & *. For example, the
decomposition for the Eulerian-mean streamfunction
anomaly writes as

D q’g,EUL = ‘Pg,EUL(@’ g g) - q’g,EUL(q’ g 5_/12)
~ DV, 5y (AD) + DV, Ly (A9)
+ DV, (AE?), (6)
with

D¥ §EUL(AU) q’gEUL(UTfl’f) q’gEUL(”l’fl’f)
(7a)

7 = 2
D q’g,EUL(Af )= q’g,EUL(Up £.¢7)

_WS,EUL(W7§_1» 5/12 , and (7b)

D §EUL(A§/2) q’gEUL(vlvfl’f) q’gEUL(vlvfl’f)
(7c)

Here, vy(2) and £;(») denote the climatological (perturbed)
variables. In Eq. (6), the change in W, gy, is decomposed
into the streamfunction change due to the change in the
mean meridional velocity alone DW¢ gur (Av), due to the
change in the mean isentropic surface alone DW; gur (A€),
and due to the change in the variance of isentropes alone
D\IfgyEUL(Ag’z). Similarly, for the anomaly in V¢ gppy,
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with

— — = 2
Dq’g,EDDY(Avlfl) = \I'g,EDDY(Ulzg/z’f 1:61)

)
~ Y, pppy (V1€1.61.67). (9a)
z e T 2
DV, pppy(88) =V, pppy (V1 €),6), &
e T 2
B qu,];ppy(”ﬁfl»fl,fll ), and
(9b)

2 = = 2
D \Pg,EDDY(Afl )= qj.f,EDDY(U/lg 1 51’5/2

- q’g,EDDY(Uigl’gl’f/lz ) (%)
where the change in ¥ gppy is decomposed into the
circulation change due to the change in the eddy flux
only DW¥; pppy (Av'E'), due to the change in mean isen-
tropic surfaces only DV eppy (A£), and due to the change
in the variance of isentropes only D\I'&EDDY(ASZ). It
turns out that this decomposition works well with the
added contribution approximately equal to the direct
calculation of the anomaly (to be discussed in section 4).

4. Results

In this paper, we focus primarily on boreal winter
NDJF for both hemispheres. The results are generally
robust in boreal summer and will be discussed briefly at
the end of this section.

a. Exact and STEM isentropic circulations

Figures la,b show the climatological total STEM is-
entropic streamfunctions on 6 and 6, coordinates, re-
spectively, averaged over NDJF from the CAM3-SOM
1 X CO, simulations, which is the sum of the Eulerian-
mean and the eddy components; that is, Wy,)stEM =
Woeo.).euL + Woeo,) EDDY- As a comparison, Figs. 1¢c,d show
the exact calculations of the isentropic streamfunctions
by summing up the meridional mass flux with 6 and 6,
less than certain values. Both the dry and moist isen-
tropic circulations from the model simulations show a sin-
gle overturning cell in each hemisphere and agree well
with that of the exact calculations and the results from
reanalysis datasets (Pauluis et al. 2011, their Fig. 1). In the
Northern Hemisphere, while the dry isentropic cir-
culation is dominated by a strong Hadley cell in the

tropics and a strong eddy circulation in the midlatitudes,
the moist isentropic circulation strongly connects the two,
spanning extensively from the deep tropics to the polar
region, and maximizes in the subtropics—-midlatitudes.
The intensity of the moist isentropic circulation is also
much larger than that of the dry one and the additional
mass transport on moist isentropes corresponds to a
poleward flow of warm moist air rising from the surface
to the upper troposphere in the midlatitudes as dem-
onstrated in Pauluis et al. (2008).

Figures le,f show the changes in the dry and moist
STEM isentropic circulations as a consequence of CO,
doubling from the model simulations, respectively. As
a reference, the responses from the exact calculations
are shown in Figs. 1g,h, where large similarities can be
seen between the STEM formulation and the exact cal-
culations except for minor differences in the upper
branch of the dry circulation in the NH midlatitudes.
The streamfunction Wy grpy shows an overall shift to-
ward higher potential temperature. Furthermore, in the
tropical regions, the potential temperature in the upper-
tropospheric branch increases more than the potential
temperature of the surface flow. This is consistent both
with a global increase in temperature and with an in-
crease in the tropical stratification that is expected from
the overall increase in water vapor content in the deep
convective regions (Held and Soden 2006). We also ob-
serve an overall weakening of the dry isentropic circula-
tion on low 6 surfaces consistently across latitudes. The
weakening of the circulation in the tropics is in agreement
with Held and Soden (2006) where they argued that the
tropical convective mass flux is expected to slow down
because of the larger increase in water vapor content than
that of the precipitation. However, this argument only
applies in the tropics in their study, and a key result in this
paper is that the framework of isentropic circulation in-
dicates that the weakening of the circulation extends into
the midlatitudes in both hemispheres. Therefore, as a re-
sult of global warming, the general circulation of the at-
mosphere averaged on dry isentropes is projected to
weaken across the globe, not only in the tropics, but also
in the midlatitudes in both hemispheres.

The changes in ¥y, stem also correspond to a shift of
the circulation toward higher value of 0,, indicative of
a significant warming and moistening of the atmosphere.
In contrast to the change in the dry circulation, this upward
shift is of comparable magnitude in the equatorward as
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FI1G. 1. (a),(b) The climatological streamfunctions on dry and moist isentropes calculated based on the
STEM formulation during NDJF from the CAM3-SOM 1 X CO, simulations. (c),(d) As in (a),(b), but
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in the poleward flow: the increase in low-level humidity
closely matches the increase in upper-tropospheric po-
tential temperature. As a result, the moist stratification
does not vary noticeably. Whether it is an overall weak-
ening or intensification of the moist circulation is hard to
identify from Fig. 1f alone. This will be further quantified
later via the calculation of total mass transport. In the
following, we discuss the separation of the isentropic
circulation into the Eulerian-mean and the eddy com-
ponents and the decomposition of their global warming
anomalies into the changes in different climate vari-
ables according to the STEM formulation.

b. Decomposition of the STEM isentropic circulation
anomalies to a doubling of carbon dioxide

Using the STEM methodology as well as Egs. (6) and
(7), we can attribute the changes in the Eulerian-mean
circulation to changes in zonal and time mean meridional
velocity, isentrope, and its variance. Similarly, changes in
eddy circulation can be attributed to changes in zonal
and time-mean meridional eddy flux, isentrope, and its
variance, as in Egs. (8) and (9). To better understand the
physical mechanisms underlying the isentropic circula-
tion response to global warming, the circulation anoma-
lies are further decomposed into changes in different
climate variables according to the STEM formulation and

Egs. (6)-(9).
1) CIRCULATION ON DRY ISENTROPES

Figures 2a,b show the climatological Eulerian-mean
(Wyrur) and eddy streamfunctions (Wygppy) on dry
isentropes during boreal winter. The Eulerian-mean
circulation comprises a strong Hadley cell in the tropics,
spanning approximately from 30°S to 30°N, and a relatively
weak Ferrel cell in the extratropics in both hemispheres.
The corresponding circulation anomalies in response to
CO, doubling are shown in Figs. 2c,d and are largely
statistically significant at above the 95% significance level
among different ensemble runs (see gray shadings). To
the first order, the responses in both Eulerian-mean and
eddy components are characterized by an “‘upward” shift
toward warmer potential temperature and an overall
weakening of the circulation.

We consider first the contributions to the changes in the
Eulerian-mean streamfunction (shown in Fig. 2¢). Both
the changes in mean temperature and mean meridional
velocity contribute to the change in the streamfunction
[DWyruL(AG) as shown in Fig. 2e and DWygyp (Av) as
shown in Fig. 2g], with negligible contribution from the
change in the variance of 6 [D‘I’G,EUL(AG’Z); not shown].
The sum of these contributions is nearly equal to the
difference in the circulation, suggesting that the changes
in nonlinear terms remain small enough for the linear

WU AND PAULUIS

1655

decomposition to be valid. The circulation anomaly due
to the change in 0 alone corresponds to the upward shift
of the circulation toward warmer temperature. It also
reveals the increase in tropical dry stratification owing to
the fact that the potential temperature in the poleward
flow of the Hadley cell increases more than the equa-
torward flow at the surface (shown in Fig. 2e). The
streamfunction anomaly due to the change in mean
meridional velocity (shown in Fig. 2¢g) corresponds to
a weakening of the Hadley cell and a poleward shift of
the NH Ferrel cell with a strengthening (weakening)
of the circulation on the poleward (equatorward) flank
of the jet. The poleward shift of the NH Ferrel cell is
consistent with the poleward shift of the midlatitude
storm tracks to increased greenhouse warming found in
previous studies (e.g., Yin 2005).

Similarly, applying the STEM methodology [Egs. (8)
and (9)] to the CO, doubling response in ¥y gppyv,
the change in Wy gppy is largely attributed to the
change in temperature as well as eddy sensible heat flux
[DV, Eppy (AB) as shown in Fig. 2f and Dy gppy (Av'6)
as shown in Fig. 2h]. The streamfunction change due to
the change in 6 alone again shows an upward shift of
the eddy circulation toward higher 6 surfaces for both
hemispheres (shown in Fig. 2f). As noted above, this
shift is more pronounced in the upper troposphere than
near the surface, resulting in a deepening of the circula-
tion in dry isentropic coordinates. As shown in Fig. 2h,
a weakening of the eddy sensible heat flux occurs in both
hemispheres and contributes to a broad weakening of the
isentropic circulation in the midlatitudes. This decrease in
midlatitude eddy sensible heat flux is a result of reduction
in both stationary and transient eddies (to be shown later
in Fig. 6a). The contribution due to the change in the
variance alone is again small compared to other terms
(not shown).

2) CIRCULATION ON MOIST ISENTROPES

Figure 3 shows the changes on the circulation averaged
on moist isentropes 6,. Because of the smaller vertical
variation in 6, in the tropics and some cancellation of the
lower- and upper-tropospheric flow with the same value
of 6., the climatological tropical Hadley cell on moist
isentropes is shallower and spans over a smaller range of
6. than that on dry isentropes (shown in Fig. 3a). The
climatological eddy circulation on moist isentropes in-
cludes both sensible and latent heat transports associated
with the eddies and thus is much stronger than that on dry
isentropes (shown in Fig. 3b). The difference between the
dry and moist isentropic circulations reveals the moisture
transport carried out by the eddies, which play an im-
portant role in extracting water vapor from the subtropics
into the midlatitudes (Pauluis et al. 2008).
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FIG. 3. As in Fig. 2, but for the circulation on moist isentropes.

The response in Wy, gur to CO, doubling and its de-
composition based on the STEM formulation are shown
in Fig. 3 (left). The features are broadly consistent with
that on dry isentropes except for the narrower structure:
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the circulation generally shifts toward larger 6, values
over the entire globe, primarily because of the change in
0. (shown in Fig. 3e), and the Hadley circulation slightly
weakens and the NH Ferrel cell moves toward higher



1658

latitudes because of the change in mean meridional flow
(shown in Fig. 3g). When comparing with the corre-
sponding on dry isentropes (Figs. 2c and 3c), we note
that the main difference lies in that the increase in equiv-
alent potential temperature is similar in the poleward and
equatorward branch (while the increase in potential tem-
perature is larger in the poleward branch of the circula-
tion), which suggests that changes in the atmospheric
stratification are closely tied to the low-level equivalent
potential temperature response, even outside the tropics.

The change in the eddy contribution ¥y, gppy is much
larger than the corresponding change in the dry circula-
tion ¥y pppy and spans extensively from the deep tropics
to the polar regions (shown in Fig. 3d). It is dominated by
the streamfunction change due to the change in 6, alone,
which shows an upward shift toward larger values of 6,
and indicates the substantial moistening of the atmo-
sphere in addition to warming (shown in Fig. 3f). In ad-
dition, as shown in Fig. 3h, the streamfunction change due
to the change in v/6/, shows a weakening of the eddy cir-
culation in the subtropics but a strengthening in the
middle and high latitudes for both hemispheres. This is in
strong contrast with the change for the circulation on dry
isentropes, which shows an overall weakening of the eddy
circulation (shown in Fig. 2h). This suggests that, despite
a weakening of the eddy sensible heat flux, the meridional
latent heat transport associated with the eddies signifi-
cantly intensifies in the middle and high latitudes and
compensates for the reduction in eddy sensible heat flux
in these regions. This translates into an intensification of
the circulation on moist isentropes in middle and high
latitudes.

Pauluis et al. (2008) presented the atmospheric zonal
mean circulation on moist isentropes and showed from
reanalysis datasets that the long-term mean circulation
on moist isentropes is about twice as large as that on dry
isentropes. Here we have shown that the circulations on
dry and moist isentropes respond differently to an in-
crease in greenhouse gas concentration. The dry circu-
lation shows an overall weakening, which is tied both to
weakening of the Hadley cell in the tropics and to a re-
duction of the eddy transport of sensible heat in the
midlatitudes. In contrast, the circulation on moist isen-
tropes weakens in the tropics and subtropical regions,
but intensifies in in the midlatitudes and polar regions.
The midlatitudes changes are dominated by the increase
in the poleward eddy transport of moisture.

c. Changes in total mass and heat transport
1) CIRCULATION ON DRY ISENTROPES

The changes in dry and moist isentropic circulations
are further quantified through the measure of total mass
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transport AW and total heat transport F for both the
Eulerian-mean and the eddy components and the sum of
the two.

Figure 4a shows the climatological and anomalous
Eulerian-mean mass transport on dry isentropes and
its decomposition into the changes in v, 6, and 07 It
turns out that the contributions from the changes in 6
and 0'* are small and the total mass transport anomaly is
mainly attributed to the change in the mean meridional
flow. The intensity of the Hadley cell, measured by the
maximum mass transport, in general weakens, and this is
in agreement with the global warming response found in
CMIP3-IPCC AR4 coupled climate models (Held and
Soden 2006). The NH Ferrel cell shifts slightly poleward
and intensifies on the poleward flank of its climatological
position. The change in Eulerian-mean energy transport
is, however, different from that in mass transport, espe-
cially in the tropics, and is shown in Fig. 4b. Indeed, an
increase in atmospheric stratification makes it possible
for weaker mass flux to result in an enhanced heat
transport, as can be noticed in the NH. One can also ob-
serve an increase in the divergence of heat transport on
the northern side of the equator, which is most likely as-
sociated with enhanced precipitation in these regions.
Note also that the poleward shift of the NH Ferrel cell
corresponds to an equatorward heat transport at high
latitudes. Figures 4c,d shows the changes for the eddy
circulation and the attributions to the changesin 6, ¢'?, and
v/6'. The total mass and heat transport in the eddy circu-
lation decrease in the extratropics in both hemispheres,
especially the NH, which are primarily due to the reduc-
tion in eddy sensible heat flux.

The sum of the Eulerian-mean and the eddy circula-
tions is shown in Figs. 4e.f. The total mass transport de-
creases across all latitudes especially in the tropics and
the NH midlatitudes. The weaker circulation within the
tropics is primarily due to the weakening of the mean
meridional circulation while the weakening in the mid-
latitudes is a result of reduction in meridional eddy sen-
sible heat flux. The total heat transport overall intensifies
within the Hadley cell as a result of the dry stratification
increase in the tropics despite weaker mass transport. The
poleward heat transport decreases in the NH midlatitudes
as a result of both the reduction in poleward heat trans-
port by the eddies and the increase in equatorward heat
transport by the Ferrel cell. The percentage decrease is
larger for the total heat transport in the midlatitudes than
that of the total mass transport, which implies a reduction
in dry effective stratification in these regions.

2) CIRCULATION ON MOIST ISENTROPES

The changes in the circulation on moist isentropes,
shown in Fig. 5, are quite different from the changes of
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the circulation averaged on dry isentropes circulation.
The climatological Eulerian-mean mass and heat trans-
port is smaller on moist isentropes because the relatively
high value of equivalent potential temperature near the
surface results in a partial compensation between the
lower- and upper-level flow when the circulation is varied
on 0, surfaces. It is found that, as a consequence of CO,
doubling, the Eulerian-mean mass transport AWy, gy
weakens in the tropics, primarily because of the change

in mean meridional circulation. The Eulerian-mean heat
transport Fy, gur, however, does not change much within
the Hadley cell: there is a strong degree of compen-
sation between an increased equatorward moisture
transport and an increased poleward potential tempera-
ture transport as shown in Fig. 4b. In the NH mid-
latitudes, both the total mass and heat transports increase
but the latter with smaller percentage increase relative to
the climatology.
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The climatological mass transport by the eddies on
moist isentropes is approximately twice as large as that
on dry isentropes in the midlatitudes (shown in Fig. 4c
and Fig. 5c), which is in good agreement with Pauluis
et al. (2008). The change in eddy mass transport shows
a poleward shift in both hemispheres with a reduction
of mass transport equatorward of the climatological
maximum location (i.e., at about 40° in each hemi-
sphere) and an increase poleward of it. This change is
due to both the changes in 6, and v'6’,, both of which
contribute to the poleward shift of the mass transport.
The mass transport change due to the change in 6’62

alone is an increase in the NH midlatitudes but a de-
crease in the SH midlatitudes. Similarly for the change
in Fy, Eppy, it also shows a poleward shift, as a result of
both the changes in 6, and V6, but is of much smaller
percentage change in comparison to that in total mass
transport.

Figures Se.,f show the response in total mass and
heat transport calculated from the sum of Wy, gyt and
Wy, eppy. The change in total mass transport generally
decreases in the tropics but shows a poleward shift
in the midlatitudes for both hemispheres. The total
heat transport generally decreases except at middle and
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high latitudes, but it is comparatively smaller than the
change in the mass transport. This implies an increase in
moist effective stratification at low latitudes while a re-
duction in the NH middle and high latitudes.

This analysis of the moist circulation indicates that
while the midlatitudes eddies would transport less sen-
sible heat, this is, in large part, compensated by a higher
water vapor transport. This compensation is not com-
plete but is in fact associated with a slight poleward
shift in total energy transport. Furthermore, in con-
trast to the dry circulation, which weakens through the
entire globe, the moist circulation shows a significant
intensification in the middle and high latitudes. The
increase in mass transport in these regions cannot be
explained by the increase in poleward heat flux alone
but is due, in a significant part, to a reduction in the
effective stratification for equivalent potential tem-
perature. From a physical point of view, this is likely
due to the poleward intensification, which results in an
enhanced warming and moistening of low-level air masses
at high latitudes. As these air masses are advected equa-
torward with higher values of 6., a larger total mass
transport is then necessary to achieve the same amount
of heat transport.

The global warming responses simulated by the NCAR
CAM3-SOM are broadly consistent with the results in
CMIP3-IPCC AR4 coupled models such as the weaken-
ing of the tropical circulation. However, there is some
discrepancy in the change of the poleward atmospheric
energy transport in this model. As found in Held and
Soden (2006), the atmospheric energy transport, aver-
aged across CMIP3-IPCC AR4 models, increases across
the globe with increased poleward dry static energy
dominating in the tropics and increased eddy latent heat
transport dominating in the extratropics. On the con-
trary, the total heat transport in the CAM3-SOM in
response to CO, doubling generally decreases except at
middle and high latitudes, and this is consistent with the
energy flux change at the top of the atmosphere (TOA)
(not shown). This discrepancy in the CAM3-SOM sim-
ulations is probably related to the negative cloud feed-
back in this model and in equilibrated state less energy is
required to transport out of the tropics. Zhang and
Bretherton (2008) noted the negative cloud feedback in
this model and the underlying mechanisms were ex-
plored by using an idealized single-column model with
prescribed large-scale forcing conditions. It was found
that both the higher cloud liquid water content in strati-
form clouds and the longer cloud life cycle contribute to
the negative cloud feedback in this model. It is noted here
that we have in mind that certain biases may exist in one
single model, and eventually we will extend this STEM
decomposition analysis to an ensemble of CMIPS coupled
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climate models to examine the robustness of the results in
this paper.

3) MOISTURE TRANSPORT

It has been widely recognized that the water vapor will
play an important role in the future warming climate
(e.g., Held and Soden 2006). In this paper, we analyze the
role of moisture by comparing the isentropic circulations
on dry and moist isentropes, especially the circulation
accomplished by the eddies. As in Laliberté and Pauluis
(2010), the moist branch in the eddy circulation is de-
fined as the difference between the dry and moist isen-
tropic circulations (i.e., Wy, eppy — Yo EpDY). Figure 6
shows the total mass and heat transport and their re-
sponse to CO, doubling in both dry and moist branches
by the eddies. To better understand the dynamics, the
response in transient and stationary eddies is also shown.
As mentioned above, both the mass and heat transport
in the dry branch decrease, which is a result of the weak-
ening of both stationary and transient eddies (shown in
Figs. 6a,b). The transient eddy sensible heat flux de-
creases in the lower troposphere in northern winter and
this is probably because of the strong polar amplification
and resulting reduction in meridional temperature gra-
dient at low levels (not shown). The sensible heat flux by
the stationary waves is also found to decrease in this
model as a consequence of global warming. In compari-
son, the change in total mass transport within the moist
branch shows a poleward shift in both hemispheres with
increased (decreased) mass transport poleward (equa-
torward) of 30°N and 40°S. This is primarily due to the
change in transient eddies in the subtropics and mid-
latitudes, and to a lesser extent, the change in stationary
waves in the NH higher latitudes. The eddy latent heat
transport is found to intensify in both hemispheres largely
because of the response in transient eddies in the mid-
latitudes, and to a lesser extent, the change in stationary
waves in the subtropics and NH higher latitudes. Com-
pared to the change in the dry branch, the increased heat
transport in the moist branch shows a large compensation
with the reduction in the dry one. This compensation
between the change in dry static energy and the change in
latent heat transport in response to global warming was
also found in CMIP3-IPCC AR4 multimodel averages
in Held and Soden (2006).

d. Results for boreal summer (June—September)

Figures 7-10 show the corresponding results for bo-
real summer averaged over JJAS from the CAM3-SOM
doubling CO, simulations. The STEM isentropic circu-
lation agrees well with that of the exact calculation on
both dry and moist isentropes during JJAS (shown in
Fig. 7); thus, understanding the circulation response to
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ogies are plotted in thin solid lines and are divided by a factor of 10.

a doubling of CO, using the STEM formulation is valid.
The CO, doubling response using the STEM formula-
tion is also similar to that of the exact calculation (not
shown), which shows a similar weakening of the dry is-
entropic circulation across all latitudes in both hemi-
spheres as well as an upward shift toward larger values of
0, especially in the tropics (shown in Fig. 7e). In com-
parison, the change in moist isentropic circulation is of
larger amplitude and shows an extensive upward shift
from the deep tropics to the polar regions in both hemi-
spheres (shown in Fig. 7f).

The isentropic circulation is further separated into the
Eulerian-mean and the eddy components, and the STEM
decomposition of their streamfunction anomalies during
boreal summer is shown in supplemental Figs. S1 and
S2. The responses on both dry and moist isentropes are
largely similar to the results in boreal winter and show
a general weakening of the dry circulation across all lat-
itudes while an intensification of the moist circulation in
the middle and high latitudes, especially for the SH. To
better quantify the circulation, Fig. 8 shows the climato-
logical total mass and heat transports and their responses
to CO, doubling on dry isentropes. The dry circulation in
the tropics weakens because of the reduction in mean
meridional circulation (shown in Fig. 8a); the total heat
transport, however, in general increases in the tropics
because of the increase in dry effective stratification

(shown in Fig. 8b). In the extratropics, both the total
mass and heat transports decrease, mainly as a result
of the reduction in eddy sensible heat flux (shown in
Figs. 8c,d). The change in mean isentropic surfaces also
contributes to the weakening of the eddy circulation in
the SH midlatitudes.

The moist isentropic circulation is found to respond
differently and is shown in Fig. 9. Because of the can-
cellation between the increased poleward dry static en-
ergy and the increased equatorward moisture transport,
there is little change in the Eulerian-mean total heat
transport in the tropics. In the extratropics, the changes
in both mass and heat transports in the eddy circulation
show a poleward shift, especially in the SH midlatitudes
with intensification (reduction) poleward (equatorward)
of 40°S. The eddy circulation in general weakens in the
NH extratropics except for a slight intensification pole-
ward of 60°N.

Figure 10 shows the eddy circulation anomaly in the
moist branch together with the results in the dry branch
during boreal summer. While the total mass transport in
the dry branch shows a reduction in both hemispheres,
the moist branch shows a poleward shift with an inten-
sification (reduction) poleward (equatorward) of about
40°N(S), primarily due to the change in transient eddies.
The total heat transport in the dry branch decreases
in both hemispheres because of the weakening of both
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FIG. 8. As in Fig. 4, but for JJAS averages.

stationary and transient eddies. In contrast, the meridio-
nal eddy latent heat transport intensifies across the globe
as a result of the change in transient eddies in the SH
and in both transient and stationary waves in the NH.
This, to some extent, compensates the reduction in the
dry circulation.

5. Discussion and conclusions

The atmospheric general circulation averaged on is-
entropic surfaces is expected to change in a warmer
climate. Laliberté and Pauluis (2010) found that, in re-
sponse to rising greenhouse gases, the circulation on dry

isentropes, averaged in the midlatitudes, is projected to
weaken while the difference between the dry and moist
isentropic circulations strengthens in wintertime. The
results are quite robust for an ensemble of CMIP3-IPCC
ARA4 coupled climate models under the A1B scenario. In
this paper, we aim to better understand the dynamical
mechanisms underlying the circulation changes on dry
and moist isentropes to global warming by focusing on an
ensemble of equilibrium integrations from the NCAR
CAMS3 coupled to a slab ocean model as a result of CO,
doubling. We apply the newly developed STEM meth-
odology to analyze the circulation on both dry and moist
isentropes with the difference depicting the effects of
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FIG. 9. As in Fig. 5, but for JJAS averages.

water vapor. The STEM formulation also separates the
isentropic circulation into the Eulerian-mean circulation,
which dominates in the tropics, and the eddy circulation,
which maximizes in the extratropics. Following the for-
mulation of the STEM, the isentropic circulation re-
sponse to CO, doubling is further decomposed into the
circulation change because of the change in commonly
used zonal and monthly mean climate variables such as
the mean isentrope, meridional velocity, meridional eddy
fluxes, and eddy variance.

The Eulerian-mean circulation on dry isentropes is
dominated by the strong Hadley circulation in the tropics,

which weakens as a consequence of CO, doubling, largely
due to the weakening of the mean meridional circulation.
This is in agreement with Held and Soden (2006) where
they interpreted the weakening of the tropical circulation
as a result of faster increase in water vapor content than
that of the precipitation. Despite the weakening of the
tropical circulation, the total heat transport in general
strengthens, suggesting an increase in dry effective strati-
fication in the tropics. More importantly in this paper, we
found that the weakening of the Hadley cell extends to the
midlatitudes when one considers the circulation averaged
on dry isentropes. It is found that both the total mass and



1666

(a) M’B EDDY dry branch JJAS

1C02x 0.1

—2C02-1C02
==== stationary
=== transient

10'” kgls

(c) a‘{’e EDDY" A‘PG.EDDY moist branch JJAS

10" kals

latitude

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 70

(b) FB.EDDY dry branch JJAS

10" kgls- K

(d) F F moist branch JUAS

5

o EDDY "' o,EDDY

10" kgls. K

-20 0
latitude

F1G. 10. As in Fig. 6, but for JJAS averages.

heat transports in the eddy circulation weaken in the ex-
tratropics, primarily as a result of the weakening in sen-
sible heat flux by the stationary and transient eddies. The
larger percentage reduction in heat transport than that in
mass transport suggests a decrease in dry effective strati-
fication in the NH middle and high latitudes.

Furthermore, the circulation responses have a distinct
manifestation on moist isentropes compared to the re-
sults on dry ones. The tropical Hadley cell also weakens
on moist isentropes but without much change in total
heat transport owing to the large compensation between
the increased equatorward moisture transport and the
increased poleward dry static energy transport. In the
extratropics, the eddy circulation on moist isentropes
displays a poleward shift with an intensification (re-
duction) on the poleward (equatorward) flank for both
hemispheres. This can be attributed to the changes in
meridional eddy equivalent potential temperature trans-
port and mean moist isentropic surface. The total heat
transport associated with the eddies also shows a pole-
ward shift but is of smaller magnitude than that of the
mass transport, implying a decrease in moist effective
stratification in the extratropics.

The different responses between the dry and moist
isentropic circulations in the midlatitudes are closely
related to the change in poleward moisture transport by
the eddies. The moist branch, which is defined as the
difference between the dry and moist eddy circulations,
significantly intensifies in the middle and high latitudes

while weakening in the subtropics, as a result of both
stationary and transient eddies extracting more water
vapor from the subtropics to the middle and high lati-
tudes. The intensification of the moist branch indeed
dominates over the weakening of the dry circulation,
leading to the poleward shift of the moist isentropic cir-
culation in the extratropics. As for heat transport, there is
a large degree of compensation between the intensified
poleward moisture transport and the reduced sensible
heat transport, which is also consistent with the results in
Held and Soden (2006).

This study points to the importance of diagnosing the
atmospheric general circulation on both dry and moist
isentropes. Depicting the circulation and its response on
dry isentropes alone could be misleading in this context.
Compared to the dry isentropic circulation, the moist
circulation includes the meridional eddy latent heat flux,
which significantly changes in a warmer climate and af-
fects the general circulation response to global warming.
While the dry circulation in general weakens across the
globe, the moist branch intensifies and, in fact, to a large
extent, compensates the reduction in the dry branch. This
implies that, in a warmer climate, the storm tracks would
extract more warm moist air masses from the subtropics,
leading to enhance precipitation in the midlatitudes.

One caveat of this study is the use of one single model
and the model’s possible biases. As discussed above, as
opposed to the increased global atmospheric pole-
ward energy transport found in most CMIP3-IPCC AR4
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coupled climate models and atmospheric models with slab
ocean models (Held and Soden 2006; Hwang and Frierson
2010), the total energy transport in the NCAR CAM3
coupled to a slab ocean model generally decreases except
at the middle and high latitudes. This is probably related
to the negative cloud feedback in this model (Zhang and
Bretherton 2008), which tends to reduce the atmospheric
heat transport out of the tropics. Therefore, an extension
to an ensemble of CMIPS5 coupled climate models is of
necessity. The robustness of the results shown in this
paper will be discussed, in particular, the contributions
from the stationary and transient eddies in determining
the change in total mass and heat transport, and also the
change in dry and moist effective stratification and its un-
derlying physical mechanisms.
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