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Abstract. Several recent studies have shown the width of thel Introduction

tropical belt has increased over the last several decades. The

mechanisms driving tropical expansion are not well known

and the recent expansion is underpredicted by state-of-the aftecent observational analyses show the tropics have widened
GCMs. We use the CAM3 GCM to investigate how tropi- over the last several decades. Estimates range frofmlatb

cal width responds to idealized atmospheric heat sources, fdude since 1979eidel et al.2008 and are based on several
cusing on zonal displacement of the tropospheric jets. Thdnetrics, including a poleward shift of the Hadley cetu(
heat sources include global and zonally restricted lower-2nd Fu 2007, increased frequency of high tropopause days
tropospheric warmings and stratospheric coolings, whichin the subtropics eidel and RandgP007) and increased
coarsely represent possible impacts of ozone or aerosglidth of the region with tropical column ozone levetsud-
changes. Similar to prior studies with simplified GCMs, we SON €t al, 2006. Studies have also inferred a poleward shift
find that stratospheric cooling — particularly at high-latitudes in the tropospheric jets, based on enhanced warming in the
— shifts jets poleward and excites Northern and Southern Anfmid-latitude tropospherd=( et al, 200§ and cooling in the
nular Mode (NAM/SAM)-type responses. We also find, how- Mid-latitude stratosphere~( and Lin 2011). Zhou et al.
ever, that modest heating of the midlatitude boundary layef201) showed a poleward shift of cloud boundaries asso-
drives a similar response; heating at high latitudes provoke§iated with the Hadley cell, as well as a poleward shift of the
a weaker, equatorward shift and tropical heating produces n§ubtropical dry zones. Clearly, tropical expansion has impor-
shift. Over 70 % of the variance in annual mean jet displace{ant implications for both global, and regional climate.

ments across 27 experiments is accounted for by a newly Climate models also show current, and future, global
proposed “Expansion Index”, which compares mid-latitude Warming is associated with tropical expansion. Using the In-
tropospheric warming to that at other latitudes. We find thattergovernmental Panel on Climate Change (IPCC) Coupled
previously proposed factors, including tropopause height andiodel Intercomparison Project, Phase 3 (CMIP3) simula-
tropospheric stability, do not fully explain the results. Re- tions, Yin (2003 found a poleward shift in the mid-latitude
sults suggest recently observed tropical expansion could havelorm tracks, which was accompanied by poleward shifts in
been driven not only by stratospheric cooling, but also bysurface wind stress and precipitation. Similatlgrenz and

mid-latitude heating sources due for example to ozone oP€Weave(2007) found a poleward shift (and strengthening)
aerosol changes. of the tropospheric jets in response to global warming, which

was accompanied by poleward and upward shifts in transient
kinetic energy and momentum flulu et al.(2007) showed
CMIP3 models yield poleward displacement (and weaken-
ing) of the Hadley cell and subtropical dry zones, which
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is associated with an increase in extratropical tropopause Lorenz and DeWeavdR007) showed that increasing the
height, and subtropical static stability. Models also show thattropopause height (as expected in a warmer troposphere) in a
tropical expansion projects onto the leading pattern of vari-simple dry GCM resulted in poleward jet displacement. This
ability (Kushner et aJ. 2007, with about half of CMIP3  response was largest when the tropopause on the poleward
model-simulated Hadley cell and subtropical dry zone ex-flank of the jet was raised; however, the opposite response
pansion during the next century explained by positive trendoccurred if the tropopause was raised on the equatorward side
in the Northern and Southern Annular Mode (NAM/SAM) of the jet. This tropopause-jet relationship is consistent with
(Previdi and Liepert2007). Williams (2006).

Although both GCMs and observations show tropical Recently,Butler et al.(2010 used a simplified GCM to
widening over the last 2—3 decades, models underestimatey to attribute storm track shifts to temperature changes in
the magnitude of observed trends. For examptéhanson particular regions. They found that warming in the tropi-
and Fu(2009 show the largest CMIP3 tropical widening cal troposphere, or cooling in the high-latitude stratosphere,
trends are~1/5 of the observed widening. This significant each shifted the storm tracks poleward, whereas polar surface
underestimation exists across five scenarios, as well as thregarming shifted them equatorward. Such results are qualita-
separate definitions of Hadley cell width, including dynam- tively consistent with earlier studie€ken and Helg2007,
ical and hydrological definitiond.u et al. (2009 used the  Chen et al.2008, arguing that the observed poleward shift
GFDL atmospheric model AM2.1 to show observed changesn the surface westerlies has been due to increased Rossby
in sea surface temperatures (SSTs) and sea-ice cannot ewave phase speeds, which results in poleward displacement
plain increased tropical width, as defined by the tropopausef the region of wave breaking in the subtropiégdston
probability density function. A similar simulation, however, et al. (2011 argued that an increase in eddy length scale,
that also included the direct radiative effects of anthro-a robust response to global warmiri§idston et al, 2010,
pogenic and natural sources better reproduced the observerhuses the poleward shift of the mid-latitude eddy-driven jet
widening. Polvani et al.(2011) showed that broadening of streams. BottBrayshaw et al(2008 andChen et al(2010
the Hadley cell and poleward expansion of the subtropi-used aquaplanet GCM simulations to show that high-latitude
cal dry zone over the latter half of the 20th century in the SST warming poleward of the climatological jet results in an
SH-—particularly during December-January-February — haveequatorward jet displacement. For low-latitude warming that
been primarily caused by polar stratospheric ozone depleextends poleward of the climatological jet latitude, a pole-
tion. ward jet displacement occurred.

Idealized climate models (e.g., no moist processes, no to- Expanding upon these studies, we use a comprehensive
pography) have been used to better understand the mech&CM to gain a better understanding of how tropical width
nisms involved with tropical expansioRolvani and Kush- — particularly tropospheric (850-300 hPa) jet displacement
ner(2002 andKushner and Polvar{(R004 found that cool- - responds to different types of simple heating at realistic
ing of the polar winter stratosphere, which is associated withamplitudes. The thermal forcings examined include zonally
reduced stratospheric wave drag, results in a poleward trouniform heat sources in the troposphere or heat sinks in the
pospheric jet shift and strengthening of surface wirdigh stratosphere. Our study differs from past studies in specify-
et al.(2005 showed that uniform heating of the stratosphereing heat sources that are representative of possible ngn-CO
(e.g., via increased solar or volcanic activity), or heating re-climatic forcings, rather than imposing characteristic temper-
stricted to high-latitudes, forces the jets equatorward; heatingiture perturbations. Investigation of the effects of such heat
in low latitudes forces them poleward. sources on tropical width is of interest due to the significant

Frierson et al(2007) used both simple and comprehen- 20th century increases in anthropogenic aerosols, including
sive GCMs to show tropical expansion occurs with increasedabsorbing aerosols like black carbdofd et al, 2007 and
global mean temperature, and secondly, with an increasedeflecting aerosols like sulfatSith et al, 2011), as well as
pole-to-equator temperature gradient. They argued that th&ropospheric ozoneshindell et al. 2006 and ozone precur-
response was due to increased static stability, which reducesors ¢an Aardenne et gl2001). Our objective is to clarify
baroclinic growth rates and pushes the latitude of baroclinicthe sensitivity of tropical width to different types of heat-
instability onset poleward, in agreement with the Hadley celling, with the ultimate goals of gaining insight into the ob-
width scaling ofHeld (2000. This was further supported by served widening and better understanding of the responses
Lu et al.(2008, who showed that poleward expansion of the seen in past GCM studies. Our results show the importance
Hadley cell and shift of the eddy-driven jet in CMIP3 global of perturbed tropospheric temperature gradients and a wave-
warming experiments are related to a reduction in baroclin-modulated stratospheric pathway in driving zonal jet dis-
icity, which is primarily caused by an increase in subtropical placements. We also show that previously proposed tropical
static stability. This relationship was most significant dur- expansion mechanisms are unable to fully explain our results.
ing austral summer (December-January-February), particuWe build upon these results in a subsequent paper, which
larly in the Southern Hemisphere (SH). will examine the responses to more realistic representations

of non-CQ forcings. This paper is organized as follows: in
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Sect.2 we discuss the CAM GCM and our experimental de- the lower troposphere (surface 16700 hPa). Such a heat-
sign. In Sect3 we present the response to idealized strato-ing rate is comparable to recent satellite-based estimates of
spheric cooling and tropospheric heating, and compare thesgresent-day anthropogenic aerosol solar absorp@ituiig
responses to a doubling of GCBection4 discusses expan- et al, 2005. We conduct a globally uniform heating experi-
sion scenarios, including the tropospheric and stratospheriment, as well as latitudinally restricted heating of the tropics,
pathways. Conclusions are presented in Sect. mid- and high-latitudes. Although heating is only applied to
the lower troposphere, the globally uniform temperature re-
sponse resembles that based on a doubling of. G@is is

due to destabilization of the lower atmosphere and increased
convection, which vertically redistributes the heat throughout
the depth of the troposphere. Similar experiments with mid-

The Community Atmosphere Model (CAM) version 3 tr_qpospheric and upper-tropospheric hgating (_jo not desta-
(Collins et al, 2004, is the fifth generation of the National Pilize the lower atmosphere, and result in maximum tropo-

Center for Atmosphere Research (NCAR) atmospheric GenSPheric warming near the altitude of heat input. Tablists

eral Circulation Model (GCM) and is the atmospheric com- the suite of trc_;posp_herlc heating e>_<per|ments. In all cases,

ponent of the Community Climate System Model (CCSM). the_response is estimated as the dlfferen_ce between the ex-
CAM uses a Eulerian spectral transform dynamical Cc)re,perlment and a corresponding control, which lacks the added

where variables are represented in terms of coefficients of 4€at source. . _ .

truncated series of spherical harmonic functions. The model A Standard global warming experiment is also performed,
time step is 20-min, and time integration is performed with whe4re the Co voluzne mixing ratio is doubled from.85 x

a semi-implicit leapfrog scheme. The vertical coordinate is a0~ © 7.10x 107". We also conduct an extreme global
hybrid coordinate, with 26 vertical levels. The model has aWarming experiment, where the G@olume mixing ratio is
relatively poorly-resolved stratosphere, witld levels above increased by a factor of eight. The regultmg climate signals
100hPa and a top level at 2.9 hPa. The total parameterizg2'® Named 2CO2 and &CO2, respectively.

tion package consists of four basic components: moist pre- W€ compare our CAM integrations to 12202 CMIP3

cipitation processes/convection, clouds and radiation, surfacgauiliorium (slab ocean) experiments, as well as 10 1%
processes, and turbulent mixing. The land surface model {0 4x<CO2 transient CMIP3 experiments. Iamd'StS the
the Community Land Model (CLM) version ®{eson et al. CMIP3 models used in this study. For the 1 % t0@02 ex-

2004, which combines realistic radiative, ecological and hy- Periments, we compare the 25yr prior to £Quadrupling
drologic processes. (years 115-139) to the corresponding control.

Finally, we evaluate the robustness of some of our CAM
2.2 Experimental design results — specifically the response to lower tropospheric heat-
ing — using an alternate GCM, the GFDL AM2 Ar(derson

CAM is run at T42 resolution~2.8x 2.8) with a slab et al, 2004. Because the GFDL model does not include a
ocean-thermodynamic sea ice model. All experiments are rurslab ocean model, these experiments are run with climato-
for at least 70 yr, the last 30 of which are used in this analy-logical SSTs. GFDL experiments are integrated for 40 yr, the
sis, during which the model has reached equilibrium (i.e., nolast 30 of which are used to estimate the climate response.
significant trend in TOA net energy flux).

Stratospheric cooling experiments (LOPLO3; see Taple 2.3 Measures of tropical width and its changes
were performed by reducing the stratospheric ozone by 10 %
globally, as well as individually for the tropicst:G0°), 2.3.1 Tropospheric jet
mid-latitudes (30—60N/S) and high-latitudes (60—90I/S).
The stratosphere is defined as the model levels above th8everal jet-based measures of tropical width were explored.
tropopause, which is estimated by a thermal definition us-This includes the latitude of the main jet, which we locate
ing the method oReichler et al(2003. We use CAM's de- by finding the maximum of the zonally and monthly av-
fault ozone boundary data set, which contains zonal monthlyeraged zonal windl() in either hemisphere (NH or SH).
ozone volume mixing ratios, and reduce the ozone by 10 %The poleward jet displacements are then estimated by tak-
at the appropriate latitudes and stratospheric pressures oniag the difference of the mean jet location (experiment mi-
monthly basis. A 10% ozone reduction is in rough agree-nus control) in either hemisphere. We computed this mea-
ment with the change in stratospheric ozone from 1979-200@ure on each pressure level and averaged the 850-300 hPa
(Newchurch et a).2003. The ozone perturbation is season- displacements to obtain a tropospheric jet displacement. Be-
ally invariant, as are all perturbations in this study, and is notcause our jet definition is based on the entire troposphere,
meant to represent the real seasonal cycle of ozone changeit primarily represents the subtropical jet, and secondarily

Our standard set of tropospheric heating experimentghe mid-latitude eddy-driven jet. Displacements of the tro-
(LTHT) adds a 0.1 K day* (~3.5W n12) heating source to  pospheric and eddy-driven jet, however, are closely related:;

2 Methods

2.1 CAM description

www.atmos-chem-phys.net/12/4795/2012/ Atmos. Chem. Phys., 12, 47836 2012
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Table 1. Stratospheric cooling experiments.

Signal Description

10PLO3 Global 10 % reduction in stratospheric ozone

10PLO3Rr As 10PLO3, but ozone reduced over tropi¢s30°) only
10PLO3 . As 10PLO3, but ozone reduced over mid-latitudes (30-M(3)
10PLO3y. As 10PLO3, but ozone reduced over high-latitudes (60-r08)

Table 2. Tropospheric heating experiments.

Signal Description

LTHT Global lower-tropospheric (surface t6700 hPa) heating of 0.1 K day
LTHTTR As LTHT, but heating of tropics%30°) only

LTHT ML As LTHT, but heating of mid-latitudes (30-80I/S)

LTHT L As LTHT, but heating of high-latitudes (60-90/S)

LTHTTRML As LTHT, but heating of tropics and mid-latitudes§0°)
LTHT mLHL As LTHT, but heating of mid- and high-latitude&30-90)

LTHT2x As LTHT, but double the heating rate (0.2 K dab)

LTHT4x As LTHT, but quadruple the heating rate (0.4 K day

MTHT Heating the mid-troposphere-f00-400 hPa)

UTHTML Mid-latitude heating of the upper troposphere (4 levels below tropopause)

LTHT10pL03 Global lower-tropospheric heating of 0.1 K dalyand 10 % reduction in stratospheric ozone

Table 3. Definition of the CMIP3 X CO2 equilibrium (slab ocean) and the 1% t@O2 transient experiments used in this study. A “Y”
(“N”) indicates this model was (was not) used for the given experiment.

Model Acronym Institution XC0O2 4xCO02
CCSM3 National Center for Atmospheric Research Y Y
CGCM3.1(T47) Canadian Center for Climate Modeling and Analysis Y Y
CGCM3.1(T63) Canadian Center for Climate Modeling and Analysis Y N
CSIRO-Mk3.0 CSIRO Atmospheric Research Y N
ECHAMS5/MPI-OM  Max Plank Institute for Meteorology Y N
GFDL-CM2.0 Geophysical Fluid Dynamics Laboratory Y Y
GFDL-CM2.1 Geophysical Fluid Dynamics Laboratory N Y
GISS-ER Goddard Institute for Space Studies Y Y
INM-CM3.0 Institute for Numerical Mathematics Y Y
IPSL-CM4 Institut Pierre Simon Laplace N Y
MIROC3.2(hires) Center for Climate System Research/RIESVISTEC Y N
MIROC3.2(medres) Center for Climate System Research/NBMSTEC Y Y
MRI-CGCM2.3.2 Meteorological Research Institute Y Y
PCM National Center for Atmospheric Research N Y
UKMO-HadGEM1  Hadley Center for Climate Prediction and Research Y N

2 NIES is the National Institute for Environmental Studies.
b JAMSTEC is the Frontier Research Center for Global Change in Japan.

the correlation betweenx2202 CMIP3 jet displacements eddy jets, resulting in a double jet structure (e@allego
using the annual mean 850-300 hPamaximum and the etal, 2005.
near-surface (10-my maximum — which others have used = We also investigated an additional method for locating the
as a measure of the eddy-driven jet (egdston and Gerbegr  jet, where we located the “sides” of the jet and then found
2010 —is 0.83 in the NH and 0.90 in the SH. The correlation their midpoint; the sides were based on a specified percentile
is weakest during JJA in the Sht £ 0.57), which is con-  value of zonal wind. Although both methods yielded similar
sistent with a winter-time decoupling of the subtropical and displacements, testing indicated that the percentile method
yielded somewhat more stable results; thus only the results

Atmos. Chem. Phys., 12, 4795816 2012 www.atmos-chem-phys.net/12/4795/2012/
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from the percentile method, using the 75th percentile (p75), CMIP3 2xCO2 Tropospheric Jet Displacements
are shown. We do note, however, that the percentile method 4~ 7 7 T T T

yields smaller displacements than the maximum method, and i X A®

as the percentile is decreased (e.g., from 95 to 70), consis- : ‘ég :

tently smaller jet displacements are obtained. This is illus- 2r a

trated in Fig.1, which compares tropospheric jet displace- I X

ments in 12 CMIP3 2CO2 equilibrium experiments using )

the maximum method, and the percentile method (with p75).§ oI X ® -

A correlation of 0.95 shows both methods yields similar dis- 5 NH

placements; however, displacements tend to be larger with™ | SH |

the jet maximum approach. The ensemble annual mean jet _,| EB{M -

displacement using the maximum method is 0.62the NH r X JJA 1

and 0.98 in the SH; corresponding values using p75 are 0 ﬁfﬁs

0.46 and 0.73. This result shows the jet displacement is -4

non-uniform. -4 -2 ) 2 4
Figurel also shows the CMIP3x4C0O2 ensemble annual Jet p75 Ag

zonal mean tropospheric jet response, and the corresponding

control. The response is not a uniform jet shift; there is some CMIP3 4xCO2 Ensemble Mean Tropospheric Jet

distortion of its shape, resulting in a poleward skew, which is 30 ‘ ‘ ‘ ‘ ‘

larger for the faster winds. This is particularly evident in the

SH, and helps to explain the larger poleward displacements

with the jet maximum method. Similar, but weaker results 20
exist for the 2« CO2 equilibrium experiments (not shown).

4XC0O2 ENSEMBLE
——— CONTROL

2.3.2 Other measures

Jet [m/s]
o

Additional measures of tropical displacemeitjanson and

Fu, 2009 include (1) the latitude of the subtropical Mean 0
Meridional Circulation (MMC) minima, defined as the lati-

tudes where the MMC at 500 hPa becomes zero poleward of

the subtropical maxima; and (2) the latitudes where precipi- -10 | ! ! ! |
tation minus evaporation(— E) becomes zero on the pole- -90 -60 -30 0 30 60 90
ward side of the subtropical minima (a measure of subtropi- Lotitude

('tal dry Zone. expansion). All displacements are eStlmate_d b3|€ig. 1. (Top panel) Tropospheric poleward jet displacement [de-

first Sm,omh'”g the. zonal mgnthly mean of.the appmpr"”uegrees latitude] based on 12 CMIPX% €02 equilibrium experi-

model field(s) and interpolating to 0.8esolution using CU-  ments using the maximum zonal wind method (Jet Max) and the

bic splines. Smoothing was performed by taking a runningpercentile method with the 75th percentile (Jet p75). (Bottom panel)

mean over~10 degrees of latitude. Nearly identical results The ensemble annual zonal mean tropospheric jet (850-300 hPa

are obtained without interpolating. response based on 10 1 % te @02 transient CMIP3 experiments,
In addition to zonal displacements, we also quantify thealong with the corresponding control.

changes in the strength and altitude of the jet. The altitude

of the jet was quantified by interpolating the zonal wind to _ . 1 )

10 hPa vertical resolution, and locating the pressure of maxi€ffective sample sizey(1— p1)(1+ p1)™", wheren is the

mum monthly zonal wind. This procedure is only done pole- "Umber of years angh is the lag-1 autocorrelation coeffi-

ward of~2(, since the jet is not well defined in the tropics. ¢ient Wilks, 1993.

The strength of the jet was quantified by locating the maxi-

mum zonal wind in each hemisphere for each pressure levey Rasyits

and month. A similar procedure was used to quantify the

strength of the Hadley circulation, using the maximum mag-3.1 Response to stratospheric cooling

nitude (i.e., absolute value) of the tropical MMC at 500 hPa.

The change in strength or jet altitude is then estimated as th€igure 2 shows the annual and zonal mean temperature and

difference between experiment and control. wind response for the stratospheric cooling (10PLO3) ex-
Throughout this manuscript, statistical significance is esti-periments. Also included is the meridional temperature gra-

mated with a standardtest, using the pooled variance. The dient (7)) response, with Southern Hemisphere (SH)

influence of serial correlation is accounted for by using themultiplied by —1 (and in all subsequent figures) so that

www.atmos-chem-phys.net/12/4795/2012/ Atmos. Chem. Phys., 12, 47836 2012
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Temperature Zonal Wind Meridional Temperature Gradient

Uniform

High Lats

Mid Lats

Tropics

-90 -60 -30 0 30 60 90 -%0 -60 -30 0 30 60 90 -90 -60 -3 0 30 60 90

-2 -1.5 -1 -08-0.4-0.2-0.1 0O 0.1 0.2 04 08 1 15 2

Fig. 2. Zonal annual mean (left) temperature, (center) zonal wind and (right) meridional temperature gradient response for 10PLO3 at (top)
all latitudes, (middle top) high latitudes, (middle bottom) mid-latitudes and (bottom) low latitudes. Also shown is the tropopause pressure for
the (dashed) control and (solid) experiment. Symbols represent significance at the 90 % (diamond); 95 % (cross) and 99 % (dot) confidence
level. ClimatologicalU (Ty) contour interval is 10 ms! (2 x 10~3 K km~1) with negative values dashef.units are K.

negativeT, always represents colder air poleward. As ex- the poleward flank of the tropospheric jet, while an opposite
pected, temperatures are generally colder, i)k, because signed anomaly appears near the equatorward flank, indicat-
of reduced solar absorption where the ozone reduction wafg a poleward jet displacement. Note that reducing strato-
imposed. Several non-local responses also occur, includingpheric ozone in the tropics (10PL&3 yields the opposite
tropospheric warming for the all-, high-, and mid-latitude ex- response; however, the magnitude of the tropospheric wind
periments. These three experiments also yield an increase ianomaly is weak and not significant.

zonal wind V) near 60, whose magnitude decays down-  Table 4 quantifies the annual mean poleward displace-
ward through the troposphere. THisincrease occurs near ment of the tropospheric (850—-300 hPa) jets. As suggested by

Atmos. Chem. Phys., 12, 4795816 2012 www.atmos-chem-phys.net/12/4795/2012/
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Table 4. Tropospheric (850-300 hPa) poleward jet displacements for the (top) stratospheric cooling experiments and (middle and bottom)
tropospheric heating/global warming experiments. Units are degrees latitude. CAM experiment significance is based on a-Btstends

is denoted by bold>90 %); * (=95 %) and ** (=99 %). Also included is the corresponding jet displacement based on the ensemble mean
of 12 CMIP3 2<CO2 equilibrium experiments and 10 CMIPZ €02 transient experiments.

Signal ANN DJF MAM JIA SON
NH SH NH SH NH SH NH SH NH SH
10PLO3 030 059 035 064 067  0.10 -015  0.72 038 087
10PLOZy 031 040 ~0.07 047 084 031 039 013 012 0.69
10PLO3L 040 026 042  0.05 060 0.9 034  0.04 031 0.8
10PLO3R ~0.04 -0.12 ~020 —0.50 ~0.01  —0.60 ~005 032 0.14 0.30
LTHT 033 0.3 049  -0.17 070  -0.34 ~001  -0.17 0.17 0.18
LTHT j -026 —0.16 ~026 001 ~0.14 —0.46 ~0.65 0.8 -006 001
LTHT L 066  1.02 034  0.89* 079  0.92* 074 115 0.78* 116
LTHT TR ~0.05 —0.09 023 -063 028 -031 ~0.49 042 -022 016
LTHT2x 012 -0.73* 0.66  —0.94" 067  —0.60 ~0.64  —0.40 —021 —0.95
LTHT2xp, ~032 0.4z ~019 077 019 077 ~094 0.1 -029 0.6
LTHT2xuL 167  0.85° 190% 072 1.70% 1.0 156*  0.93 156*  0.65
LTHT2x7R ~020 —0.03 039 -0.32 036 —0.57 ~122* 054 -026 0.8
LTHT4x ~0.34 112 063 -137*  —0.06 -103*  —149* 105 —041  —0.97*
LTHT4x7R ~0.06  0.26 1.20% 027 1.32%  —0.93 ~18% 104 —0.97%  0.72
UTHTmL 0.65°  0.53* 059 022 110° 0.75° 043 053 0.46  0.69
2xC02 1.08*  0.09 1.34*  -0.10 1.70%  0.28 050 035 0.7T*  —0.20
8xC02 150  0.03 L44%  —0.21 2.65% 127 055 004 150% 105
2xCO2 CMIP3 046 073 058 122 001 113 056 036 0.67 0.20
4xCO2 CMIP3 098 174 066 172 081 220 154 191 0.98 1.14

Fig. 2, stratospheric cooling generally yields a poleward dis-atmosphere models (and observations), the SH warming will
placement, of about 025n each hemisphere. Cooling in the be much less than that here due to uptake of heat by the
tropical stratosphere yields the opposite, but the equatorwar&outhern Ocean, which will affect how much the jet shifts.
shift is small and not significant. Note that these changes are Heating the individual latitude bands separately yields
generally similar in both hemispheres, and across the foumaximum warming at the heated latitudes, though with some
seasons. Furthermore, Talleshows the additional metrics spillover to most of the troposphere in the cases of LRHT
of tropical displacement are generally consistent with theand LTHTy_. Generally, however, the latitudes that are
jet response. For 10PLO3, 10PLG3and 10PLOg,, both heated experience the largest temperature response, which
P — E and MMC yield annual mean poleward displacement, is consistent with a down-gradient eddy heat flux response
although smaller than that based on the tropospheric jet.  (i.e., oriented away from the latitude of maximum heating;
not shown). There are also some dynamically induced remote

3.2 Response to tropospheric heating cooling responses, including significant stratospheric cooling
for LTHT and weaker tropospheric high-latitude cooling for
3.2.1 Sensitivity to the latitudinal distribution of LTHT 1Rr.
near-surface heating A much stronger impact on tropical width occurs with

heating restricted to midlatitudes than for the globally uni-
Figure3 shows theT", U andT, response for the lower tropo- form case. LTHTy. shows both reduced on the equa-
spheric heating experiments (LTHT). Similar to &forcing, torward flank of the jet and increasdd on the poleward
globally uniform near-surface heating causes a local warmjet flank, yielding significant poleward jet displacement of
ing maximum in the tropical upper troposphere due to moist0.66 in the NH and 1.02 in the SH. Significant displace-
convection, and high-latitude near-surface warming ampli-ments also occurred in experiments where either low or
fication due to snow and ice albedo feedbacks, as well afigh latitudes were heated at the same time as mid-latitudes
the higher static stability in polar regions. The zonal wind (LTHTtrmL @and LTHTuLHL , respectively), supporting the
response to LTHT implies a poleward displacement of therobustness of this result. For example, Tabkhows simul-
NH tropospheric jet, but not the SH one. These shifts, how-taneous heating of the low- and mid-latitudes yields a pole-
ever, are not statistically significant (see Ta#h)dn the an-  ward jet displacement of 0.41n the NH and 0.20 in the
nual mean or in any season. We note that in coupled ocearSH. LTHTtrmL jet displacements become significant, and
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Table 5. Annual mean poleward displacement (degrees latitude) of several measures of tropical width for the (top) stratospheric cooling
experiments and (middle and bottom) tropospheric heating/global warming experiments, including the GR@IB3and 4« CO2 ensemble

mean. These measures are based on the subtropical dry zone (precipitation minus evaporaignmean meridional mass circulation
(MMC) and the tropospheric (850—-300 hPa) jet. See text for further description. Significance is denoted as4n Table

Signal P-E MMC Jet

NH SH NH SH NH SH
10PLO3 0.29 0.30* 0.11 0.15 0.30 0.59
10PLO3yL 0.21 0.22¢ 0.04 0.17 0.31 0.40
10PLO3uL 0.23 0.23 0.12 0.13 0.40 0.26
10PLO3R -0.13 0.03 -0.18 -0.02 -0.04 -0.12
LTHT 0.14 0.21* —0.02 0.02 0.33 -0.13
LTHT L —-0.13 0.13 —0.07 0.03 —0.26 -0.16
LTHTmL 0.61** 0.67* 0.32 0.29** 0.66" 1.02*
LTHTTR —0.18 0.01 -0.17 -0.11 —0.05 —0.09
LTHT2x 0.16 0.01 —-0.16 —-0.04 0.12 -0.73*
LTHT2xH —0.41* 0.02 —-0.17 -0.13 -0.32 -04Z
LTHT2xMmL 1.03+* 0.64* 0.79** 0.33 1.67* 0.85
LTHT2XTR -0.34 0.01 —-0.36** —0.07 —0.20 —0.03
MTHT2x 0.66* 0.41* 0.47* 0.18 0.74 0.48"
MTHT2xy -0.30 —0.2Z -0.10 -0.11 —-0.29 -0.69**
MTHT2xpmL 1.16** 1.03* 0.91* 0.40%* 1.46** 1.29%*
MTHT2xTR —0.43* 0.05 —0.10 0.23 0.02 0.45
LTHT4x —0.18 —0.05 —0.31* -0.14 —-0.34 —-1.12*
LTHT4xTR —0.41* 0.06 —0.43* 0.11 —0.06 0.26
MTHT 0.24 0.20 0.01 0.10 0.31 0.23
MTHT4x 0.74* 0.55%* 0.41* 0.32%* 0.74* 0.42
UTHTMmL 0.40"* 0.26" 0.28" 0.20¢ 0.65" 0.53*
LTHTtrML 0.34 0.29%* 0.02 0.02 0.41 0.20
LTHT2XTRML 0.60"* 0.36%* 0.21 0.18 0.97"* 0.53*
LTHT prHL 0.28 0.33* 0.16 0.07 0.28 0.14
LTHT2X . H1L 0.56* 0.56* 0.43* 0.33* 0.43 0.39
LTHT 10p103 0.02 0.11 —0.09 —0.02 —-0.13 —-0.32
LTHT2X10pL03 0.26" 0.25 0.01 0.11 0.18 -0.01
LTHT4X10p1.03 0.17 0.05 —0.07 —0.06 -0.20 -0.9z
2xC02 0.83* 0.60"* 0.81** 0.42"* 1.08* 0.09
8xC02 0.85%* 1.56* 1.48* 147 1.50+* 0.03
2xC0O2 CMIP3 0.31 0.90 0.52 0.86 0.46 0.73
4xCO2 CMIP3 1.23 1.33 0.73 1.34 0.98 1.74

approximately double in magnitude, when the heating rate idle 5), especially for the midlatitude heating which produced
doubled (LTHT2XRrmL)- the strongest response.

Heating at high-latitudes (LTHJ.) produced an oppo- Figure 4 shows the poleward displacement of the max-
site result, reducing/ on the poleward jet flank to pro- imum meridional tropospheric temperature gradient, and
duce an equatorward jet displacement-d9.42 over the the jet, for LTHT experiments as a function of pressure.
two hemispheres, about a quarter of the poleward shift withLTHT . yields equatorward displacement of the maximum
midlatitude heating. Tropical heating (LTHR®) increased T, whereas LTHT. features poleward displacement. This is
the peakU throughout the atmosphere, but without signif- consistent with the corresponding LTHTand LTHTy_ tro-
icantly shifting the jet position except upward. While the pospheric jet displacement — both quantities move poleward
above conclusions are based on jet shifts, similar responses equatorward together, in general agreement with thermal
are found among other tropical displacement measures (Tawvind balance. For LTHf, heating of the mid-latitudes
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Fig. 3. As in Fig. 2, but based on the lower tropospheric heating (LTHT) experiments.

weakens the temperature gradient on the equatorward flank Butler et al.(201Q 2011 also examined the impact of
of the maximunr, but increases it on the poleward flank, as tropical heating, and found a shift similar to that obtained
shown in Fig.3. The tropospheric jet then responds by shift- here with heating from 0-6MN/S (LTHTtrMmL), in contrast

ing poleward. The opposite occurs for LTHII. Small dis-  to our null result with tropical-only heating. While this re-
placements of the maximu, generally occur for LTHYR, sult seems contradictory, the tropical heating employed by
in agreement with the small jet displacement. Over all exper-Butler et al. (2010 2011) differed from ours by project-
iments included in Fig4, the correlation between displace- ing significantly onto the mid-latitude isentropes, weaken-
ments of the maximurif, and tropospheric jet is 0.81 in the ing baroclinicity in the subtropics while strengthening it in
NH and 0.92 in the SH. Although not shown, displacementsthe mid-latitudes. Poleward jet displacement is also absent
of the maximunT, are also similar to that of the tropospheric in LTHT4xtr (Table4), which features a heating rate more
jet for the stratospheric cooling experiments. comparable t@Butler et al.(201Q 2011). These results taken
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Fig. 4. Poleward displacement of the (top) latitude of the maximum tropospheric temperature gragdiemid (bottom) jet for the Northern
(solid) and Southern (dashed) Hemisphere for various LTHT a«@Q2 experiments. Symbols represent significance at the 90 % (diamond);
95 % (cross) and 99 % (dot) confidence level.

together are consistent with a particular sensitivity of the jetpoor approximation. Thus, most of the tropospheric jet shift
to heating in highly baroclinic, midlatitude regions, with rel- in our LTHT experiments is consistent with a geostrophic ad-
atively little sensitivity in the tropics. justment to the altered meridional temperature gradient.
Figure5 further shows that geostrophic adjustment to the Although the eddy-driven jet is not the focus of this study,
altered meridional temperature gradient explains most of theén our experiments displacements of the surface wind (a mea-
annual mean tropospheric wind response. Zonal wind sheasure of the eddy-driven jet) are similar to those of the tropo-
for each pressure level is estimated from the correspondingpheric jet. For the suite of lower tropospheric heating and
meridional temperature gradient, according to thermal windstratospheric cooling experiments, and @02, the corre-
balance. To estimate the zonal wind, we use the 900 hPaponding correlation is 0.92 in the NH and 0.91 in the SH.
zonal wind as a boundary condition. Taking the differenceThis is despite the fact that transient eddies should play a
between the experiment and control yields the correspondmore important role in displacements of this jet. We also note
ing response, as shown in the center panel of bigrhe that displacements of the surface wind correspond to those of
actual zonal wind response closely corresponds to that eshe maximum Eady growth ratki6dzen and FarrellL980).
timated from thermal wind balance. The difference betweenFor example, the correlation between displacements of the
the two (estimate — actual) shows no significant differenceamaximum surface wind and the maximum 850hPa Eady
at most latitudes, except near the equator where meridionagrowth rate is 0.80 for the NH and 0.84 for the SH. Since
temperature gradients are small and geostrophy becomesthe Eady growth rate is proportional 19, this is consistent
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Fig. 5. Zonal annual mean zonal wind response (left), estimated zonal wind response (center) and difference (estimate-actual; right) for the
lower-tropospheric heating experiments. The estimata@sponse is based on thermal wind balance, using the 900 hPa winds as a lower
boundary condition. Also shown is the tropopause pressure for the (dashed) control and (solid) experiment. Symbols represent significance
at the 90 % (diamond); 95 % (cross) and 99 % (dot) confidence level. Climatoldgicahtour interval is 10 ms! with negative values

dashed. Left panelg/fresponse) are as in Fig.

with our baroclinicity argument for tropospheric jet displace- high-latitude tropospheric warming et al, 2008. The tro-
ments and with the notion that storms tend to form in regionspospheric jet, in turn, intensifies near the equatorward jet
of high baroclinicity. flank and weakens near the poleward flank, resulting in a

We note that the changes during Elfidievents are con- strengthening and equatorward shift of the jet. The stronger
sistent with our results. El Ko is associated with tropical jet is consistent with tropical warming and our LTI ex-
tropospheric warming by warmer Pacific SSTs, mid-latitudeperiment. The equatorward shift is consistent with cooling in
tropospheric cooling due to eddy-driven upward motion, and
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the mid-latitudes and warming in the high-latitudes, as illus- Temperature Zonal Wind
trated by our LTHTy. and LTHTy. experiments. v

3.2.2 GFDL tropospheric heating experiments

Uniform

To evaluate the robustness of the CAM responses to lower-
tropospheric heating, we conducted analogous experiments
with the GFDL AM2.1 @Anderson et a.2004 using cli-
matological SSTs. Figuré shows the corresponding annual
mean temperature and zonal wind responses for LTHT2x,
LTHT2XtR, LTHT2XMmL, LTHT2xH, . Results are similar to
that based on CAM (FigB). Heating of the tropics results in
negligible jet displacement 6£0.09 in the NH and—0.04

in the SH. However, high-latitude heating results in equa-
torward jet displacement{0.26 in the NH and—0.1C in

the SH) and mid-latitude heating results in poleward jet dis-
placement of 0.75in the NH (95 % significant) and 0.24

in the SH. The weaker GFDL response — particularly the SH
response to mid-latitude heating — is likely due to the use of
climatological SSTs, which mutes the tropospheric response.
Repeating the GFDL mid-latitude heating experiment with
double the heating rate (0.4Kday) results in significant
poleward jet displacement in both the NH and SH at 1.98
and 0.45, respectively (not shown). We note that the main
discrepancy between CAM and GFDL occurs for uniform
heating of all latitudes. GFDL LTHT2x yields poleward jet
displacement of 0.X3in the NH and 0.39in the SH, the
latter of which is significant at the 90 % confidence level. Al-
though CAM LTHT2x yields similar, but weak, poleward jet
displacement in the NH (0.2, significant poleward jet dis-
placement in the SH occurs-0.73; Table4).

High Lats

Mid Lats

Tropics

3.2.3 Evidence of nonlinear responses

Table4 shows that the LTHT responses are similar, but gener- -2 -15 -1 -08-04-02-01 0 01 02 04 08 1 15 2

glly larger, When the hea_tlng rate_ls do_ubled (LTHTZX)' T_h's Fig. 6. Zonal annual mean temperature (left) and zonal wind (right)

includes tropical expansion for mid-latitude heating, tropical response to heating (0.2 K day) the lower troposphere using the

contraction for high-latitude heating, and negligible displace-GFDL AM2.1 model. Symbols represent significance at the 90 %

ment for tropical heating. Unlike LTHT however, LTHT2x (diamond); 95% (cross) and 99 % (dot) confidence level. Clima-

yields an “overall” equatorward jet displacement (NH + SH) tological U contour interval (thin black) is 10 nT$ with negative

of 0.61°, which is dominated by the SH jet which moves values dashed. Climatologicalcontour interval is 10 K.

equatoward by 0.73 Similarly, LTHT4x shows significant

equatorward jet displacement of 1°4@hich again is domi-

nated by the SH jet. One aspect of the uniform heating experiments that can
The bottom panel of Fig4 shows that the relationship be deduced from the above figures (e.g., B)gis that the

between displacements of the maximum meridional tropo-responses are often nonlinear. For example, the sum of the

spheric temperature gradient and the tropospheric jet alspoleward SH jet displacements in the LT[ LTHT . and

applies for the LTHT2x experiments. Note that as the heatLTHT{_ experiments is 0.77 while the shift with uniform

ing rate is increased and the tendency for jet displacement ibeating is smaller and in the opposite directior0(13).

equatorward, the maximuf®, also shows a similar tendency This behavior recurs in the LTHT2x experiments, with values

of equatorward displacement. LTHT4x, for example, showsof 0.40 and—0.73 respectively. This nonlinear response is

significant equatorward displacement of the maxinmijnin similar to the idealized experiments Bltler et al.(2010.

both the SH and NH, in agreement with equatorward jet dis-This nonlinearity could be caused by the effects of local-

placement (Tabld), particularly in the SH. ized heating on the vertical propagation of wave energy, and
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Fig. 7.2xCO2 (top) and LTHT (bottom) annual mean temperature (left) and zonal wind (right) response. LTHT results, and significance
symbols, are as in Fi@. Note contour differences betweer @02 and LTHT.

linear interference effects between the wave response and thever, strengthens the tropical circulation, with a 2 % increase

background stationary wav8ifith et al, 201Q Fletcher and in jet strength and a 4 % increase in mean meridional circu-

Kushner 2011). lation strength. This strengthening increases to 5% and 7 %,
We note that the amplitude of jet displacement, howeverrespectively, for LTHT2XR, so this particular result is rela-

appears to be more linear based on CMIP3@&periments. tively linear. These latitudinally restricted heating responses

Using the 10 4CO2 CMIP3 models, we calculate the jet are consistent witBrayshaw et al(20089.

displacement using the 25yr prior to doubling and the 25

yr prior to quadrupling (each compared to the correspond-3 3 Comparison of greenhouse gas warming and

ing control). For 4 CO2, the ensemble annual mean NH jet lower-tropospheric heating
displacement is 0.98 compared to 0.35for 2x CO2; in the
SH, the corresponding jet displacements arelardl 0.82, Figure 7 shows the annual meafi and U response for

respectively. Thus, doubling the @@brcing tends to yield | i1 a7 2¢CO2. Both feature similar patterns of warm-
dpu_ble the jet displacement in CMIP3 experiments. ThIS ISing, with maximum warming in the tropical upper tropo-
similar to Wang et al.(2012, who found a linear refation- - gphere and at high-latitudes. Both also feature an increase
ship between the amplitude of the temperature response iy yhe height of the tropopause, as well as an upward dis-
f[he tropics and the tropospheric !et shlft using a dry, 'deal'placement of the tropospheric jets-10hPa for %CO2
ized model (however, the eddy-driven jet exhibited an abrupt, .4 .5 hpa for LTHT), which generally occurs with tro-
shift when tropical warming exceeded a critical amplitude). pospheric heating (e.gLorenz and DeWeave2007). The
Nearly all of the CAM heating experiments, as well ;55| et displacement is also similar for the two experi-
as 2xC0O2, weaken the mean meridional circulation and pents with small SH displacements and larger NH pole-
strength of the tropospheric jet (not shown), in agreemen{y, .4 gisplacements, the latter of which is reminiscent of
with behavior of other GCMs and explainable by thermo- e nositive NAM pattern. Note that the LTHT signal is
dynamic argumentsHeld and Soder2009. LTHTTr, how- )0k weaker than2CO2. However, the global annual mean
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surface temperature response for LTHT is also much weakel - THT2xtr. These results suggest the importance of other

0.91K versus 2.52 K for CO2. mechanisms in driving jet displacements, at least using CAM
Our experiments from SecB.1 show that stratospheric under our experimental design.

cooling causes poleward jet displacement. Therefore, one

reason why the LTHT experiments may yield less poleward4.1 Stratospheric pathway

jet displacement than those okZ02, is becausex2CO?2 is

associated with significant stratospheric cooling due to in-Section3.1showed cooling of the high-latitude stratosphere

creased longwave emission to space; LTHT, however, hagesulted in poleward jet displacement. Tadleshows the

no directly imposed stratospheric cooling (although there islargest NH jet displacements in response to stratospheric

an indirect stratospheric cooling response). This was evalcooling occur during March-April-May (MAM), and the

uated by rerunning the LTHT, LTHT2x and LTHT4x ex- €quivalent season in the SH (SON) similarly shows the

periments, but with a 10% stratospheric ozone reductiorfargest response in its jet. The maximum spring response

(LTHT 10pL03 LTHT2x10pL03 LTHT4X10pL09. For both IS likely due to a combination of two factors: the presence

LTHT2x and LTHT4x, adding stratospheric cooling yields Of solar radiation, so that the imposed ozone loss results in

less equatorward jet displacement, particularly the SH jetStratospheric cooling; and westerly stratospheric flow, which

for LTHT2x, but the differences are generally not large (Ta- iS conducive to strong planetary wave-mean flow interaction.

ble 5)) This Suggests that the tropospheric Warming is moreThe COOling of the h|gh'|at|tude Stratosphere increases the
important than the stratospheric cooling. local meridional temperature gradient, and the stratospheric

vortices in both hemispheres intensify in accord with ther-
mal wind balance. The downward propagation of the strato-
4 Discussion of expansion scenarios spheric wind anomaly may be related to enhanced equatar-
ward refraction of Rossby waveSlfindell et al.2001; Rind
Prior studies have attributed tropical expansion in a warmet al, 2003. As a diagnostic tool to estimate the importance
climate to increases in the tropopause he|ght (e_g[enz of this “StratOSpherIC pathWa.y”, we estimate the wave refrac-
and DeWeaver2007 Williams, 2006 and/or extratropical  tion (1) as the ratio of meridional to vertical Eliassen Palm
dry static stability (e.gFrierson etal.2007 Lu etal, 20079.  (EP) flux:
Figure8 shows the changes in these two quantities, in addi-

tion to the 500 hPd", change and its climatology for four } = _u**v** (1)
of the tropospheric heating experiments. These four exper- 84T

iments were chosen because they allow the evaluation of
these previously proposed mechanisms. The top two panelshereu*v* is the meridional eddy momentum fluxT*
compare the response based on heating of the mid-latitudes the meridional eddy heat fluy is the Brunt-Vaisala fre-
in either the lower (LTHF ) or upper (UTHTmL) tropo- quency,Ryq is the dry air gas constanl{ is the scale height,
sphere. Of the two, the latter results in a larger increase inf is the Coriolis parameter and primes denote a zonal devi-
gross dry static stability of mid-latitudes, as expected. Al- ation. Because both eddy fluxes are estimated from monthly
though both experiments yield poleward jet displacementdata, A represents the refraction of the quasi-stationary, as
tropical expansion is generally larger with LTI{I. Table4 opposed to the transient, waves.
shows this is particularly true in the SH, where the annual Table 6 shows that all stratospheric cooling experiments
mean jet displacement is 102or LTHTy versus 0.53 feature an increase in MAM NH wave refraction by 15-35 %
for UTHT L. Similar conclusions exist based on the other — the season of maximum poleward jet displacement in the
metrics of tropical expansion (Tab$, particularly P — E. NH. Figure9 shows the MAM responses @f, U and7, for
The larger LTHTy. poleward jet displacement is inconsis- one stratospheric cooling experiment, 10PLP3Also in-
tent with a smaller increase in stability; however, it is con- cluded is the leading pattern of zonal wind anomalies, and the
sistent with thermal wind balance and a larger poleward dis-mean meridional circulation, associated with the NAM/SAM
placement of the 500 hPa SH. pattern. This pattern is based on a principal component anal-
The bottom two panels show that heating of the high-ysis of geopotential heights for the domains extending from
latitudes and tropics results in an increase in tropopaus0-90 N/S and from 1000 to 10 hPa. Data are weighted by
height (decrease in pressure), yet neither experiment is aghe square root of the cosine of the latitude, as well as by
sociated with tropical expansion. LTHT@x actually yields  the square root of the pressure interval represented by that
significant equatorward jet displacement-ed.74 (—0.32 level (Thompson and Wallage2000Q. The wind fields are
and —0.42 for NH and SH, respectively) and LTHTZx then regressed upon the resulting standardized leading prin-
yields negligible jet displacement 0f0.23 (Table 4). cipal component (PC) time series.
These responses are again consistent with the charifje in ~ The changes in zonal wind and mean meridional circu-
at 500 hPa, with a weakening df, at high latitudes for lation closely resembles the NAM (and to a lesser extent,
LTHT2xuL, and a reinforcement of the climatologicgl for the SAM) pattern, which suggests the response may involve
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Fig. 8. Annual mean gross dry static stability change (blaéyp — Afstc), tropopause pressure change (rAditp), climatological baro-
clinicity at 500 hPa (green solidy) and the corresponding response (green dash&y) for (top left) LTHTy, (top right) UTHTy,
(bottom left) LTHT2xy. and (bottom right) LTHT2%r. Units are K, hPa, K km! 10~4 and K knt 1 10-2, respectively.

wave mean-flow interaction and downward control theory We find that our analysis of the NH spring-time response
(Haynes et a).1991, Baldwin and Dunkerton1999. The  also approximately holds for the SH (not shown). For ex-
MAM 10PLO34. response also features an anomalous tro-ample, each stratospheric cooling experiment features an in-
pospheric meridional circulation, with rising motion pole- crease in SH SON wave refraction: 23 %, 21 %, 32% and
ward of 60, sinking motion between 30-60and equa- 2% for 10PLO3, 10PLO3 , 10PLO3,. and 10PLO3R, re-
torward flow in the upper troposphere, somewhat like anspectively.

intensified Ferrel Cell, but stretched poleward. This ther- For 2xCO2 and LTHT, Tablel shows NH tropical expan-
mally indirect circulation coincides with warming near its sion primarily occurs during two seasons: MAM and DJF.
sinking branch (near 4%, and cooling in the rising branch Similar to the stratospheric cooling experiment, both LTHT
(near 70). Imposition of these temperature anomalies on theand 2x CO2 feature a NAM-likel/ response and meridional
background state produces a poleward displacement of theirculation response pattern, which is associated with a wave-
maximum tropospheri@,, consistent with the tropospheric modulated stratospheric pathway (not shown). Both signals
zonal wind anomaly near 80 Figure 9 suggests that this feature an increase in wave refraction (Ta)lewhich is as-
anomalous residual circulation — particularly in the NH — sociated with an increase in downward, equatorward wave
is balanced by a poleward shift of eddy westerly momen-energy and EP-flux divergence in the mid-latitude strato-
tum flux convergence near 60which sustains the westerly sphere and troposphere. An anomalous meridional circula-
wind anomaly. The response is also associated with an intion in the troposphere and a poleward shift of eddy westerly
crease in downward, equatorward wave energy and EP-flumomentum flux convergence nearr®Q, also occurs. Simi-
divergence in the mid-latitude stratosphere and tropospherdarly, CMIP3 2xCQO2 also features an increase in NH MAM
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Fig. 9. MAM 10PLO3y_ response of (top left) temperature and meridional circulation, (top right) zonal wind, (middle left) meridional
temperature gradient, (middle right) SAM/NAM pattern, (bottom left) 250 hPa transient eddy momentum flux convergence [ jasd
(bottom right) EP flux [ s~2] and flux divergence [10° m s72], divided by the standard density, TU) contour interval is % 103 K

km—1 (10 m s_l) with negative values dashed. Units of NAM/SAM are r_ﬁ'sper standard deviation of the PC time series. Indicated vector
length (top left) represents 0.1 cmi’sfor the meridional component ared.1 x 10-4 Pa 571 for the vertical component. EP flux divergence
contour interval is 6, —5, -4, -3, -2, -1, 0, 1, 2, 3, 4, 5, 6], with negative values blue and positive values red. Symbols represent
significance as in Fig. Transient eddy momentum flux;v’ is estimated according v — v, where primes denote zonal deviations and
overbars indicate zonal averages.

and DJF wave refraction of 15 % and 13 %, respectively (Ta-and 0.43, respectively. This suggests that a wave-modulated
ble 6). Moreover, a significant, but weak, relationship exists stratospheric pathway may play an important role in warm-
between CMIP3 2CO2 NH wave refraction and jet dis- inginduced tropical expansion, particularly in the NH during
placement for both DJF and MAM, with correlations of 0.44 MAM and DJF, regardless of the cause of the warming.
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Table 6. Northern Hemisphere 850-20 hPa percent change in wave CAM Tropospheric Heating Experiments
refraction for the (top) stratospheric cooling experiments and (bot- ) e B L
tom) global warming experiments. Also included is the mid- r
latitude, lower tropospheric heating experiments (L Tand
LTHT2xpL ), as well as the ensemble mean CMIP3C02 wave
refraction. Wave refraction is estimated as the meridional compo-
nent of EP flux divided by the vertical component. A more positive

value indicates more equatorward wave propagation. s
@
Signal DJF MAM JJA SON -
10PLO3 2 15 —26 5
10PLO3y 1 35 -25 -8 -2 OMAM -
10PLO3y. 21 25 -8 -2 - X JJA 1
10PLO3R 5 20 -29 -8 - ASON
r OANN
LTHT 19 21 -25 -3 =4l e
LTHT2x 23 38 —22 =7 -15 -10 -05 00 0.5 1.0 1.5
LTHT4x 26 —-32 =31 -17 Expansion Index [K]
2xCO2 33 56 —12 4 P
8xC02 49 49 38 15
CMIP3 Equilibrium 2xCO2 Experiments
LTHT ML 3 8 -13 -8 4‘H‘_quHH_‘H_pH‘_H‘
LTHT2XmL 39 12 -16 2 i |
2xC0O2 CMIP3 13 15 -13 24

We also note that similar behavior occurs for the
mid-latitude lower-tropospheric heating experiments. Both 2
LTHTpmL and LTHT 2% feature an increase in MAM down- S
ward, equatorward wave energy (increase in wave refraction,
Table6) and EP-flux divergence, as well as cooling of the po-
lar stratosphere, a decrease in polar stratospheric geopoten-
tial heights and a decrease in high-latitude surface pressure
(not shown). This is analogous (but opposite) to the nega-
tive NAM response to anomalous Eurasian snow cover (e.g.,
Cohen et a.2007% Fletcher et al.2009 Allen and Zender
2010.

-4l

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Expansion Index [K]

Fig. 10. Scatterplot of tropospheric poleward jet displacement ver-
4.2 Tropospheric pathway sus the expansion index for the (top panel) CAM tropospheric

heating experiments and (bottom panel) 12 CMIBECD?2 equi-
Figure 10 shows a scatterplot of the tropospheric (850_Iibrium experiments. CAM tropospheric heating experiments in-
300hPa) jet displacement versus the difference in mid-clude the 5 global warming experiments (larger symbols; LTHT,
and high-latitude warming amplification for the 5 global LTHT2x, LTHT4x, zxcoz’SXCOZ),and6Iat'IUde'reStnCted heat-

. . ing experiments (smaller symbols; LTHig, LTHTpL, LTHT 4,
warming experiments _(LTHT' LT_HTZX’ LTHTA'X' QCQZ LTHT2XTR, LTHT2x\L , LTHT2xy, ). Also included are the corre-
and 8<CO2) and 6 latitude-restricted heating eXperImentSsponding linear regression lines, all of which are significant at the
(LTHTTR, LTHTML, LTHTHL, LTHTZXTR, LTHTZXML, 99 % confidence level.

LTHT2xHL). Warming amplification of mid-latitudes

(AMPyL) is defined as the log-pressure area weighted

temperature (i.e., thickness) response between 30-60the mid-latitudes warm relative to low-latitudes, AMP
minus that between 0-30 For high-latitudes (AMRBL), is positive, and we expect poleward jet displacement.
the log-pressure area weighted temperature response b@&aking the difference, AMRL — AMPy_, results in a
tween 60-90 is differenced with that between 3060 quantity that accounts for these two competing effects. As
Table 7 lists the amplification factors. This choice of the difference becomes more positive/less negative, then
this metric was inspired by the responses found in themid-latitude warming amplification dominates, and we
latitude-restricted tropospheric heating experiments. Wherexpect more tropical expansion/less contraction; vice versa
high-latitudes warm relative to mid-latitudes, AMP is as AMRy. — AMPy becomes less positive/more negative.
positive, and we expect equatorward jet displacement. Whewe call this quantity the “Expansion Index” (El). Based on
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Table 7. Tropospheric (850—-300 hPa) warming amplification factors for high-latitudes (HL; 80sw8tus 30-60) and mid-latitudes (ML;

30-6C minus 0-30) for the global warming experiments. Factors are based on log-pressure and area weighting. Also included are the

corresponding values based on the ensemble mean of 12 CMIE®2 experiments. Units are K.

Signal ANN DJF MAM JIA SON
HL ML HL ML HL ML HL ML HL ML
T NH 002 -001  -001 -013  -014 —0.02 022 008 -002 002
SH 022 003 0.24 —0.04 027  0.05 023 005 016  0.05
. NH 016 -013  —006 —0.29 001 —0.12 041 —0.08 024 —004
SH 062 —0.02 062 —011 056  0.07 063  0.02 0.67-0.07
A NH 064 —021 040 —0.47 035 —0.30 115 —0.03 066 —0.02
SH  1.02 —-001 094 —017 093 0.5 118 0.03 1.03-0.03
202 NH -005 021 -015 -003  -037 0.6 024 035 007 036
SH 036 022 029 027 030 031 045  0.17 043 013
602 NH 108  1.10 1.04 —0.03 010 052 211 2.10 105 1.82
SH 095 059 063 061 070 1.00 135 043 115 029
NH 003 —0.40 014 —0.40 010 —-039  -007 —-002  —005 002
2xCOZCMIP3 o/ 593 041  -059 -021  —035 —0.29 010 —056  —008 —057

the 6 latitude-restricted heating experiments in Hig. El

experiments (MTHT, MTHT2x and MTHT4x) are included

accounts for 86 % of the NH and SH jet displacements. Forin the analysis.
the annual mean only, El accounts for 94 % of the NH and Figurel1Ofurther supports the idea that part of the jet shift
SH jet displacements. We note that El can be rewritten as thean be thought of as a geostrophic adjustment to an altered
difference between twice the mid-latitude warming and thetemperature profile — not only when certain latitude bands are
sum of low- and high-latitude warming (a rough Laplacian): heated, but also for global warming experiments like LTHT
2 x AT30-60— (ATo—30+ AT60-90). and 2xCO2. Our experiments suggest that poleward jet dis-
The global warming experiments are generally consistenplacement is partially driven by mid-latitude heating, while
with this notion. Over all five experiments and seasons, theequatorward jet displacement is partially driven by high-
relationship is significant at the 99 % confidence level for latitude heating. However, a wave-modulated stratospheric
NH, SH and both hemispheres, accounting for 42 %, 72 %pathway during the NH active seasons is also important, re-
and 55 % of the jet displacement, respectively. For the ansulting in poleward NH jet displacement during MAM and
nual mean only, the expansion index accounts for 76 % ofDJF which projects onto the positive phase of the NAM. For
the NH and SH jet displacement. The dominant response i.THT this mechanism eventually weakens with increased
these experiments — equatorward SH jet displacement — ikeating (e.g., LTHT4x), where high-latitude amplification
consistent with the large SH high-latitude warming, and largedominates and the maximufi is displaced equatorward, re-
AMPy. . The diagnostic also explains the increased equasulting in equatorward displacement of the tropospheric jets.
torward displacement when the heating rate is increased in Figure 10 also shows a similar relationship between the
the LTHT experiments. Increasing the heating rate generallyexpansion index and jet displacement exist based on CMIP3
results in amplified high-latitude warming, which is associ- 2xCO2 equilibrium experiments. Even though this metric
ated with equatoward jet displacement. Tablshows that does not directly account for the effects of £@duced
the annual mean SH AMR increases from 0.22 to 1.02K stratospheric cooling, it accounts for 45%, 67 % and 56 %
for LTHT to LTHT4x; and from 0.02 to 0.64 K in the NH. At  of the of the variation in jet displacement in the NH, SH and
the same time, however, AMP generally decreases, partic- both hemispheres, respectively. Based on the annual mean
ularly in the NH. Furthermore, AMR_ is generally largestin  only, EI accounts for 76 % of the NH and SH jet displace-
the SH, relative to the NH, consistent with equatorward SHment. Similar results are obtained if jet displacements are
jetdisplacement in nearly all cases. The relationship is weakbased on others percentiles. Using the 70th—95th percentile
estin the NH for DJF and MAM, which may be related to the in 5 percentile increments, El accounts for 61% to 77 %
wave-modulated stratospheric pathway during these seasonsf the annual mean jet displacement; using the alternate,
Without DJF and MAM, the expansion index accounts for maximumU method, 66 % of the annual mean jet displace-
81 % of the variation in NH jet displacement. Similar conclu- ment is accounted for. This relationship is somewhat better
sions exist when the three mid-tropospheric global warmingthan the relationshipu et al. (2007 found between tropical
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expansion and tropopause height (stability); there, increases Conclusions

in extratropical (35-59 tropopause height accounted for

66 % of the variation in annual mean MMC expansion us-The CAM3 general circulation model is used to investi-
ing CMIP3 A2 experiments. More recently et al. (2008 gate how tropical width responds to idealized thermal per-
found a significant relationship between poleward MMC dis- turbations, focusing on zonal displacement of the tropo-
placement and a decrease in Philips criticality, the latter ofspheric jets. The heat sources include global and zonally re-
which occurred primarily due to an increase in extratropicalstricted lower-tropospheric warmings and stratospheric cool-
static stability. In the SH during DJF, Philips criticality ac- ings, which coarsely represent possible impacts of ozone or
counted for 67 % of the variation in MMC expansion. Sim- aerosol changes. Our results show that global stratospheric
ilarly, the expansion index accounts for 92 % of the jet dis- cooling, as well as stratospheric cooling of the high- and mid-
placement in the SH during DJF. We also find that it accountdatitudes, yields poleward jet displacement. This response
for most of the DJF SH variation in other metrics of trop- is related to wave-mean flow interaction and involves an
ical expansion, including? — E (81 %) and MMC (81%). increase in wave refraction, and downward propagation of
Similar, but weaker, results exist for SH ANN, where the ex- the stratospheric wind anomaly. This response is in gen-
pansion index accounts for 45 % and 46 % of the variationeral agreement with similar studies using idealized models
in P — E and MMC, respectively. Thus, the expansion in- (e.g.,Haigh et al, 2009 and supports the recent findings of
dex helps to explain not only dynamical measures of tropicalPolvani et al(2011), who showed stratospheric ozone loss is
expansion, but hydrological measures too, particularly in thethe main driver of twentieth century atmospheric circulation
SH. changes in the Southern Hemisphere (SH).

We also estimated the relationship between the expan- CAMS3 tropospheric heating experiments show that high-
sion index and tropospheric jet displacement using the 1Qatitude heating results in equatorward jet displacement; mid-
1% to 4xCO2 CMIP3 experiments, and with five reanaly- latitude heating results in poleward jet displacement; and
ses, including NCEP/NCARKalnay et al, 1996, NCEP- low-latitude heating yields negligible jet displacement (but a
DOE (Kanamitsu et a).2002, MERRA (Rienecker et al.  significantincrease in the strength of the tropical circulation).
2011, ERA40 Uppala et al.2005 and ERA-Interim Dee  Similar results were obtained with the GFDL AM2.1. Al-
et al, 2017). The first three reanalyses are analyzed fromthough our high-latitude response is consistent with a recent
1979-2010; ERA40 from 1979-2002 and ERA-Interim from study using a simplified GCMButler et al, 2010, our trop-
1989-2010. Based on the annual mean, the expansion indagal heating results differ Butler et al.(2010 found tropical
accounts for 70 % of the variance in NH and SH jet displace-heating forces a significant poleward shift of the extratropical
ments in & CO2 CMIP3 experiments; and 55 % of the cor- storm tracks (and tropospheric jets). We note thaBhter
responding jet displacements in reanalyses. etal.(2010 results appear to contradict the El Riresponse,

We conclude by comparing the CAM global warming ex- which is associated with tropical tropospheric warming and
periments with the CMIP3 2C0O2 experiments. Similar to equatorward displacement of the jetsi(et al, 2008. Rea-
the CAM experiments, the El-jet displacement relationshipsons for this discrepancy are unclear, but may be related to
is weakest in the NH during DJF, where it accounts for only the meridional extent of the forcing and subsequent temper-
46 % of the variation in jet displacement. We also note thatature response. The tropical heatingBuatler et al.(2010
the NH MAM CAM 2xCO2 jet displacement is much larger extends all the way to 43\/S, whereas our LTH{r heating
than the CMIP3 ensemble (170ersus—0.01°), which is  extends to 3ON/S. As noted irButler et al.(2010, the pro-
consistent with more MAM wave refraction in CAMZCO2  jection of this heating into the mid-latitudes may play a sig-
(56 % versus the CMIP3 ensemble mean of 15%). CAMnificant role in the jet shift. Perhaps a more appropriate com-
2xCO0O2 also features less SH jet displacement than CMIP3arison to their tropical heating experiment is our LR
(0.09 versus 0.73for the annual mean), despite a similar experiment, where heat is added from 0=B0S. Similar to
expansion index£0.14 versus-0.18 for CMIP3). Although  theButler et al.(2010 result, LTHTrrMmL Yields mid-latitude
the reasons are not clear, the other metrics of CAMCD2 warming and poleward jet displacement. Additional possi-
tropical width both show greater SH displacement (0 f60 bilities for the discrepancy are the existence of topography in
P — E and 0.42 for MMC). In addition to these equilibrium  our model, which is important for the wave-modulated strato-
experiments, we have also conducted transieny CAM spheric pathway; and moisture/convective processes which
experiments over the latter half of the 20th century usingcould change the way heat is distributed.
several ensembles (not shown) and obtain similar minimal Globally uniform lower tropospheric heating (LTHT) and
SH jet displacement. This suggests CAM3 is less sensitive t&x CO2 vyield similar tropical width responses. Both yield
CO»-induced SH poleward jet displacement, relative to othernegligible jet displacement in the SH and poleward jet dis-
CMIP3 models. placement in the NH, particularly during DJF and MAM.

Similar to the stratospheric cooling experiments, the bo-
real winter/spring expansion is related to a wave-modulated
stratospheric pathway and a positive NAM-like response.
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