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[1] In this paper, changes in isentropic circulations
associated with global warming in the A1B model outputs
for the 20th and 21st centuries are analyzed. The changes
in the circulations on dry and moist isentropes are
quantified through the use of three bulk measures of the
circulations: mass transport, entropy transport and
effective stratification. The circulation on dry isentropes is
expected to weaken due to a reduction of the meridional
heat transport and to an increase in stratification. In
contrast, the moist branch of the circulation, measured in
terms of the difference between the circulations on moist
and dry isentropes, strengthens during the winter months.
This intensification is characterized not only by an
increase in the eddy latent heat transport but also by an
increase in the mass transport. This indicate a larger
poleward mass flow of warm moist subtropical air into the
stormtracks leading to enhanced moist ascent within
baroclinic eddies. Citation: Laliberté, F., and O. Pauluis
(2010), Winter intensification of the moist branch of the circulation
in simulations of 21st century climate, Geophys. Res. Lett., 37,
L20707, doi:10.1029/2010GL045007.

1. Introduction

[2] Climate change through this century is expected to be
associated, among other things, with a change in the
atmospheric energy, entropy and water vapor transports. A
fundamental issue is to understand how such changes in
atmospheric transports are tied with changes in the atmo-
spheric circulation itself. For example, a larger energy
transport can be associated with an increase in the overall
mass transport or, alternatively, with an increase in the
energy transported per unit mass of air. Several studies [e.g.,
Held and Soden, 2006; Mitas and Clement, 2006; Vecchi
and Soden, 2007; Chou and Chen, 2010] have investi-
gated changes in the tropical circulation due to global
warming. Using twentieth century and A1B scenario
twenty‐first century model runs, Held and Soden [2006]
observe that the increase in atmospheric water lead to a
rapid increase in the tropical stratification, of approximately
7%/K, consistent with the Clausius‐Clapeyron (CC) rela-
tionship. In contrast, the poleward energy transport by the
circulation only increases by 2%, which thus implies a
reduction of the mass transport in the Hadley cell by about
5%. With the use of a different ensemble of models, Mitas
and Clement [2006] show trends for the twentieth century

indicating a statistically significant weakening of the winter
Hadley cell.
[3] The arguments presented by Held and Soden [2006]

are valid for the tropical regions where the mean over-
turning circulation dominate the energy transport. However,
the same transport in the midlatitudes is dominated by large‐
scale eddies. In this paper, a new set of diagnostics based on
the circulations on dry and moist isentropes are introduced
to characterize the changes in mass and entropy transports,
with the later being viewed here as an ersatz for the energy
transport. As entropy can be viewed as approximately
conserved over an eddy lifecycle (3–7 days), isentropic
averages capture more closely the mean parcel trajectory
than an Eulerian mean. We compare the circulation on dry
isentropes, which can be thought of as surfaces of constant
potential temperature �, with that on moist isentropes, sim-
ilar to surfaces of constant equivalent potential temperature
�e. The two circulations differ in their relative strength, with
the moist circulation being more vigorous in the midlati-
tudes due to the ascent of moist air within the stormtracks
[Pauluis et al., 2008, 2010]. By using these new diagnostics,
one can better assess how the different components of the
atmospheric circulation might evolve over the next century.

2. Circulation Indices

[4] Here, we follow Pauluis et al. [2010] and process our
data using the dry entropy, sl, and the moist entropy, sm,
respectively. On a qualitative level, dry isentropes are close
to surfaces of constant dry static energy and moist isentropes
are close to surfaces of moist static energy, and the dry and
moist entropy transports are similar to the dry and moist
static energy transports. One could use the static energy
instead of entropy, as in the work of Czaja and Marshall
[2006], though this comes at the cost of losing the exact
conservation of entropy for reversible adiabatic motions.
[5] The dry streamfunction, Yd(�, sl), is defined as the

meridional mass flux, through a latitude band, of air parcels
with dry entropy values less than sl:

Yd �; slð Þ ¼ a cos�

g

Z psurf

0
vH sl � sl p; �; �; tð Þð Þdp

� �
; ð1Þ

where h·i is a zonal and temporal mean; the function H(x) is
the Heaviside function, which is 1 when x ≥ 0 and 0, oth-
erwise; a denotes the earth’s radius, g the gravitational
acceleration; and p, l, � are the pressure, zonal and
meridional coordinates, respectively. The surface pressure
psurf and the meridional velocity v are obtained from gridded
data.
[6] The moist streamfunction, Ym (�, sm), can be similarly

defined using the moist entropy. In order to synthesize some
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features of the circulation, we extract a small number of
indices from the full streamfunctions Yd and Ym. The total
mass transport on sl, DYd, is defined by:

DYd �ð Þ ¼ max
sl

Yd �; slð Þf g �min
sl

Yd �; slð Þf g: ð2Þ

The dry entropy transport is given by:

Fsl �ð Þ ¼ a cos�

g

Z psurf

0
slvdp

� �
: ð3Þ

A similar expression can be found for DYm and Fsm by
replacing sl with sm in (2) and (3).
[7] We have chosen to rely on bulk quantities averaged

over the regions 25°N‐60°N and 60°S‐25°S. As presented
by Pauluis et al. [2010], in these regions DYm dominates
DYd. We define the total circulation index as the average
value

DYm
N ¼ 1

35

Z 60�N

25�N
DYm �ð Þd�: ð4Þ

Note that the differential area element is implicitly included
in (1), making this average area‐weighted.

[8] For our analysis, we also require a measure of the
entropy transport, Fsm, over these regions. Using the same
average as for (4), we define

Fsm
N ¼ 1

35

Z 60�N

25�N
Fsm �ð Þd�; ð5Þ

which, in turn, enables us to find a related hemisphere‐wide
effective stratification [Pauluis et al., 2010], Dsm:

Dsm
N ¼ Fsm

N

DYsm
N : ð6Þ

The effective stratification (6) measures the difference of sm
between the poleward branch and the equatorward branch of
the circulation. It depends not only on vertical stratification,
but also on horizontal fluctuations of sm in the midlatitude
eddies. Quantities (4), (5) and (6) can be extended for the
dry circulation and the southern hemisphere. We will refer
to DYd

N
and DYd

S
as the dry branch indices.

[9] Pauluis et al. [2010] show that the difference between
the transport on sm and on sl is associated with a poleward
mass flow of warm subtropical air that ascends through the
stormtracks. The enhanced mass transport on sm, DYm(�) −
DYd(�), is used here to quantify the ascent of moist air
within the stormtracks. The difference Fsm(�) − Fsl(�) is

Figure 1. Relative changes in the dry transport. On the ordinate are plotted changes in fluxes while on the abscissa are
plotted changes in circulations. On each graph, the arrow indicates the mean relative changes in stratification as defined
by (6), which can be read off the intersection of the dashed line of slope unity with the ordinate. Filled dots correspond
to changes between 1961–2000 and 2046–2065 while empty dots correspond to changes between 1961–2000 and 2081–
2100. See Table 2 for ensemble averages and standard deviations.
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Figure 2. Relative changes in the moist branch transport. Same as in Figure 1 but for the moist branch transport. The
stratification is defined by (7).

Figure 3. Relative changes in the total transport. Same as in Figure 1 but for the total transport.
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proportional to the difference of qT between the poleward
flow and the equatorward flow, multiplied by the mass
transport within the moist branch. Finally, an effective
moisture stratification is defined as

DqT
N ¼ Fsm

N � Fsl
N

DYm
N �DYd

N ; ð7Þ

an expression that is proportional to the difference in spe-
cific humidity between the poleward and equatorward flows.

3. Data

[10] We use results from the World Climate Research
Programme’s (WCRP’s) Coupled Model Intercomparison
Project phase 3 (CMIP3) multi‐model data set, based on the
Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report (AR4) A1B scenario. Seasonal averages
of (4) and (5) were computed for the twentieth century 1961–
2000 and A1B scenario twenty‐first century 2046–2065 and
2081–2100 periods. Changes between 2046–2065 and
1961–2000 as well as between 2081–2100 and 1961–2000
were computed for each models in Table 1. In Figures 1, 2,
and 3, we present our results as scatter plots for both hemi-
spheres and both solstice seasons, JJA and DJF. Color ver-
sions of Figures 1, 2, and 3 allowing the identification of
individual models are provided as Figures S1–S3 of the
auxiliary material, respectively, with their accompanying
legend as Figure S4.1 For each analyzed model, two data
points will appear in each plot, one — filled — for the
change between 1961–2000 and 2046–2065, and a second
— not filled — for the change between 1961–2000 and
2081–2100, and the numerical values for the mean and
variance of the model ensemble are presented in Table 2.

4. Results

[11] Figure 1 shows the changes in dry entropy transport
versus changes in the dry circulation for DJF and JJA of
both hemispheres. In all cases, most models are found in the
third quadrant, corresponding to a reduction in dry entropy
transport and a reduction in mass transport by the dry
branch. The mass transport weakens with changes between

−1.7%/K and −5.3%/K. The weakening is less pronounced
in the Winter hemispheres. There is also a large inter‐model
spread in the prediction for the northern summer, which is
explained in part by the fact that the circulation on sl is at its
weakest during this season, and is thus most sensitive to
large fluctuations. The dry entropy transport only weakens
significantly during the summer season (−9.9%/K in the
North and −4.5%/K in the South), and much less (−1.0%/K
and −1.9%/K, respectively) during the winter.
[12] The change in effective stratification can be obtained

by subtracting the change in mass transport from the change
in dry entropy transport:

1

Dsl
N

�Dsl
N

�T
¼ 1

Fsl
N

�Fsl
N

�T
� 1

DYd
N

�DYd
N

�T
: ð8Þ

In equation (8), d(·) refers to the value in one of the period of
the twenty‐first century minus the corresponding value in
the twentieth century. The temperature T corresponds to the
area‐weighted average surface temperature over the same
regions (60°S‐25°S and 25°N‐60°N).
[13] In Figure 1, the dashed line with slope unity indicates

the mean value for the change in stratification, which can be
read at its intersection with the ordinate axis. The stratifi-
cation increases in the Southern hemisphere by 3.4%/K in
the summer, and decreases by −2.1%/K during the winter.
Changes in the stratification are less pronounced during
Northern winter (increasing by 0.7%/K) and unreliable
during the Northern summer, where the dry circulation is
particularly weak. In all cases, these changes are signifi-
cantly less than the expected changes in tropical stratifica-
tion associated with CC scaling. In contrast to the changes in
the tropical circulation noted by Held and Soden [2006], the
weakening of mass transport on dry isentropes in the mid-
latitudes appears to primarily due to a reduction of the
poleward transport of dry entropy, with a lesser impact from
changes in stratification.
[14] Figure 2 shows changes in the moisture transport Fsm

− Fsl , versus changes in the moist branch index DYm −
DYd . The multi‐model ensemble mean shows a marked
increase in moisture transport in the North at 5.7%/K in DJF
and 5.5%/K in JJA, and in the South at 7.7%/K in DJF and
7.8%/K in JJA. The mass transport by the moist branch

Table 1. List of Analyzed Models With Daily Outputa

Laboratory Model

GFDL, USA cm 2.0
GFDL, USA cm 2.1
CNRM, France cm 3
CSIRO, Australia mk 3.5
GISS, USA Model ER
MIROC, Japan 3.2 Medres
MIROC, Japan 3.2 Hires
MIUB, Germany echo G
MPI, Germany echam 5
MRI, Japan cgcm 3.2.2a
CCCMA, Canada cgcm 3.1 t63
IPSL, France cm 4
INGV, Italy echam 4
NCAR, USA ccsm 3.0

aModels are listed by their laboratory of origin and their model numbers.

Table 2. Summary of statistics from Figures 1, 2, and 3a

Quantity

DJF JJA

North South North South

Dry
Circulation −1.7 ± 0.8 −2.4 ± 2.3 −4.1 ± 1.7 −5.3 ± 1.5
Dry Stratification 0.7 ± 0.8 −2.1 ± 3.1 −5.9 ± 8.9 3.4 ± 2.0
Dry Entropy Fluxes −1.0 ± 0.9 −4.5 ± 2.0 −9.9 ± 8.6 −1.9 ± 1.5

Moist Branch
Circulation 3.8 ± 1.4 −2.7 ± 3.2 0.7 ± 2.2 1.8 ± 1.2
Moisture Stratification 1.9 ± 1.0 10.4 ± 3.8 4.9 ± 2.0 6.0 ± 2.2
Humidity Fluxes 5.7 ± 1.5 7.7 ± 2.4 5.5 ± 1.8 7.8 ± 1.9

Total
Circulation 0.5 ± 0.8 −2.5 ± 2.0 −1.0 ± 1.2 −1.4 ± 1.0
Moist Stratification 0.9 ± 0.4 5.2 ± 2.1 2.2 ± 0.6 4.1 ± 1.7
Moist Entropy Fluxes 1.4 ± 0.9 2.7 ± 1.3 1.2 ± 1.5 2.7 ± 1.3

aThe numbers listed indicate the ensemble average of the quantity in the
first column. The error is the standard deviation from the model ensemble.
We have indicated in bold the results that fall outside one standard
deviation of no changes.

1Auxiliary materials are available in the HTML. doi:10.1029/
2010GL045007.
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increases also significantly during the winter, by 3.8%/K in
the North and 1.8%/K in the South, but decreases in the
Southern summer by − 2.7%/K while remaining almost
unchanged (increasing by 0.7%/K with a standard deviation
of 2.2%/K) during the Northern summer. The dashed line
shows the mean change in effective moisture stratification.
In both hemispheres, summer eddies have a higher moisture
stratification change than the winter eddies’ (4.9%/K vs
1.9%/K for the north and 10.4%/K vs 6.0%/K for the south).
[15] During summer, the increase in water vapor transport

can be associated with an increase in humidity content
between the dry equatorward and moist poleward flow that
is roughly consistent with the CC scaling, associated with a
small weakening of the mass transport. In contrast, relative
changes in moisture content are smaller during winter, and
the increase in water vapor transport is tied to an increase in
the mass flow of warm moist air into the stormtracks. This
increase in the mass transport by the moist branch of
the circulation during the winter is remarkable, given that
the dry circulation on sl is expected to weakens in both the
tropics and the midlatitudes. Based on these diagnostics, it is
expected that through the next century, midlatitudes eddies
will extract a larger amount of warm, moist subtropical air
that will rise within the stormtracks. This analysis points not
only to an increase in the winter precipitation in the mid-
latitudes, but also to an increase in the amount of air that
ascends within winter storms.
[16] In Figure 3, we plot changes in the moist entropy

fluxes Fsm versus changes in DYm, the total mass transport
on sm. The change in total mass transport decreases for the
Northern summer (by −1.0%/K) and for the Southern
hemisphere (by −2.5%/K for DJF and −1.4%/K for JJA), but
increases slightly during the northern winter (by 0.5%/K,
with a standard deviation of 0.8%/K). The effective strati-
fication increases in both hemispheres and both seasons with
ensemble means ranging from 0.9%/K to 5.2%/K. The
changes in total circulation are thus the result of the weak-
ening of the dry circulation and the intensification, at least
during the winter season, of the moist branch. The total
circulation only increases during the Northern winter where
the intensification of the moist branch more than compen-
sates for the weakening of its dry branch.

5. Conclusion

[17] We have analyzed a subset of model outputs for the
IPCC AR4 to identify changes in the midlatitude circulation.
A set of indices has been introduced to characterize the mass
and entropy transport by the dry and moist branch of the
circulation separately, and to estimate how these would be
affected by climate change over the next century. These
diagnostics offer the advantage that they incorporate in a
physically consistent manner the eddy transport into the
overall circulation. This complements other studies such as
Teng et al. [2008] and Bengtsson et al. [2009] focused on
changes in individual storms, by offering an integrated
assessment of the changes over many storms.
[18] In accordance with previous studies, we found that

the mass transport by the dry branch weakens as tempera-
tures increase. This behavior is qualitatively similar,
although not as pronounced as the changes in the tropical
Hadley circulation discussed by Held and Soden [2006]. We
also found that the mass transport by the moist branch cir-

culation, identified as the difference between the circulation
on moist and dry isentropes, intensifies during the winter
months but not during the summer months. Physically, this
can be interpreted as an increase in the mass of air ascending
within midlatitude winter storms.
[19] Our analysis also indicates that a weakening of the

dry branch of the circulation can be in part balanced by the
strengthening of the moist branch. As the dry circulation
becomes inhibited by an enhanced dry stratification and
weaker Equator‐to‐Pole temperature gradients, the moist
branch can become more active, thus extracting more moist
air from the subtropical regions. This suggests that in a
warmer planet, even as the atmosphere becomes more stable
for dry baroclinic instability, moist processes play a more
significant role in the maintenance of the stormtracks. Under-
standing the exact nature of this compensation between the dry
and moist branches remains an open question that is central to
our ability to predict the evolution of the midlatitudes climate
over the next century.

Appendix A: Methodology

[20] The dry and moist version of the quantities (1) and
(3) were computed using the mass flux joint distribution
M of Pauluis et al. [2008] on a 130 × 130 rectilinear grid
cpd ln 250K

T0
� ðsl; smÞ ≤ cpd ln 380K

T0
. The data was acquired

from the CMIP3 archive of daily outputs for the 20th century
and the A1B scenario [Meehl et al., 2007]. The NCAR
CCSM3 daily model output is an exception: it was obtained
from the NCAR data repository (runs 030e and 040e).
Somemodels were removed from our analysis, in all cases for
technical reasons, including missing data.
[21] We enforced a strict mass conservation at each lati-

tude, equivalent to demanding that the joint distribution
sums to zero. At a given latitude, the exact procedure de-
pends on whether M sums to a positive or to a negative
number. If it is negative (positive, resp.), then we multiply
the positive (negative, resp.) part of M by the appropriate
factor to make the joint distribution sum to zero. This pro-
cess can be described with the following filter:

M sl ; smð Þ ¼max A; 1f gmax M sl; smð Þ; 0f g
þmax A�1; 1

� �
min M sl; smð Þ; 0f g; ðA1Þ

A ¼ R1
�1

R1
�1 �min M sm; smð Þ; 0f gdsldsm

� �. � � �
R1
�1

R1
�1 �max M sm; smð Þ; 0f gdsldsm

� �
:

: ðA2Þ
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