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• The intervention of atmospheric 
dynamics into the science of climate 
change 

• The basic workings of the climate 
system - ‘numerical climatology’

• Drought and hydroclimate
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Atmospheric dynamics and 
climate change

Largely an intellectual 
backwater until ...

A consistent poleward shift of the storm tracks in simulations of 21st

century climate

Jeffrey H. Yin
ESSL/Climate and Global Dynamics Division, National Center for Atmospheric Research, Boulder, Colorado, USA

Received 9 June 2005; revised 12 August 2005; accepted 18 August 2005; published 17 September 2005.

[1] A consistent poleward and upward shift and
intensification of the storm tracks is found in an ensemble
of 21st century climate simulations performed by 15 coupled
climate models. The shift of the storm tracks is
accompanied by a poleward shift and upward expansion
of the midlatitude baroclinic regions associated with
enhanced warming in the tropical upper troposphere and
increased tropopause height. The poleward shift in
baroclinicity is augmented in the Southern Hemisphere
and partially offset in the Northern Hemisphere by changes
in the surface meridional temperature gradient. The
poleward shift of the storm tracks also tends to be
accompanied by poleward shifts in surface wind stress
and precipitation, and a shift towards the high index state of
the annular modes. These results highlight the integral role
that the storm tracks play in the climate system, and the
importance of understanding how and why they will change
in the future. Citation: Yin, J. H. (2005), A consistent poleward
shift of the storm tracks in simulations of 21st century climate,
Geophys. Res. Lett., 32, L18701, doi:10.1029/2005GL023684.

1. Introduction

[2] The storm tracks, defined as regions with large
synoptic-scale baroclinic wave activity [Blackmon et al.,
1977], play an important role in both weather and climate.
From a synoptic point of view, baroclinic waves are the
storms associated with much of the precipitation and severe
weather in midlatitudes. From a climatic point of view,
baroclinic waves in the storm tracks transport large amounts
of heat, moisture, and momentum polewards, interact with
the large-scale circulation to produce patterns of climate
variability, and drive ocean circulation via wind stress
resulting from their momentum flux convergences. From
both perspectives, the response of the storm tracks to future
climate change is of great interest.
[3] Recent reanalysis-based studies indicate that there has

been a poleward shift in the mean latitude of extratropical
cyclones, and that cyclones have become fewer and more
intense, over the last half of the 20th century [e.g., McCabe
et al., 2001; Fyfe, 2003]. There has also been an increase in
bandpass-filtered wind variance associated with the storm
tracks [e.g., Chang and Fu, 2002], although this trend may
be exaggerated in reanalysis data [Harnik and Chang,
2003]. Since attribution of these observed trends to anthro-
pogenic greenhouse gas (GHG) forcing is limited by the as-
yet small GHG-forced signal relative to climate variability,
it is useful to compare the observed changes in storm tracks

with those simulated by general circulation models (GCMs)
forced by increasing GHGs.
[4] Previous GCM studies of GHG-forced storm track

changes have produced some consistent results; for exam-
ple, many have found that cyclones become fewer and more
intense with increasing GHGs, as in observations [e.g.,
Lambert, 1995; Geng and Sugi, 2003]. GCM experiments
forced by increasing GHGs also tend to produce poleward
shifts and increases in intensity of the storm tracks as
measured by bandpass-filtered variables [e.g., Hall et al.,
1994; Kushner et al., 2001], although there are some
exceptions, particularly in low-resolution GCMs [e.g.,
Stephenson and Held, 1993]. Each of these previous studies
has examined the storm track response to increasing GHGs
in just one GCM.
[5] In this paper, we analyze the output of 15 coupled

GCMs that have performed historical and future climate
change experiments for the upcoming Intergovernmental
Panel on Climate Change (IPCC) Fourth Assessment Report
(AR4). The aim of this paper is to document the consistent
poleward shift in the storm tracks seen in the IPCC AR4
simulations of 21st century climate, to relate this shift to
changes in baroclinicity, and to illustrate the importance of
these storm track changes for 21st century climate.

2. Model Experiments

[6] The model output analyzed here was archived by the
Program for Climate Model Diagnosis and Intercomparison
(available at http://esg.llnl.gov:8443/index.jsp), from which
we downloaded the files. The horizontal resolution of the
model output varied from 4! by 5! to spectral T106
(approximately 1.125! by 1.125!); the coupled GCMs used
in this paper, in order from highest to lowest atmospheric
resolution, are: MIROC3.2 (hires), CCSM3, ECHAM5/
MPI-OM, GFDL-CM2.0, GFDL-CM2.1, CNRM-CM3,
MIROC3.2(medres), MRI-CGCM2.3.2, FGOALS-g1.0,
IPSL-CM4, CGCM3.1(T47), ECHO-G, GISS-AOM,
GISS-ER, and INM-CM3.0. Documentation for the models
is available at http://www-pcmdi.llnl.gov/ipcc/model_
documentation/ipcc_model_documentation.php.
[7] We compare the output from two of the IPCC AR4

experiments, which we refer to as 20C and A1B. Experiment
20C uses initial conditions from a preindustrial control run
and is forced with historical GHG, aerosol, volcanic, and
solar forcing from the 20th century. Experiment A1B uses
initial conditions from the end of experiment 20C and is
forced with specified GHGs for the period 2001–2100 from
scenario A1B of the IPCC Special Report on Emissions
Scenarios [Nakicenovic and Swart, 2000], with atmospheric
CO2 levels rising to approximately 720 ppm by 2100.
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Why does the Hadley Cell expand and the 
jets and storm tracks shift poleward under 

global warming?

Dargon Frierson Gang Chen

Jeff Yin David Lorenz
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Hadley Cell expands as mean temperature increases 
according to Held (2000) scaling with width determined 

by latitude where baroclinic eddies begin to form 

tropopause height dry static stability

Frierson, Lu and Chen 2007
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According to the 
Held scaling jets/
storm tracks may 

shift poleward 
‘cos of broad 

tropical/
subtropical 
warming.

But what causes 
that?  Quite 

unlike El Nino-
induced tropical 

warming.

Lu, Chen, Frierson (2008)blue - La Nina or 2001-2020
red - El Nino or 2081-2100
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co-spectra of eddy momentum flux convergence, 
climatology(colors) 

El Nino-La Nina (contours) global warming trend (contours)

equatorward shift shift to higher phase 
speeds

Lu, Chen, Frierson (2008), Chen, Lu, Frierson (2008)
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Argument 1:  Broad warming into the subtropics shifts 
latitude of energy generation poleward.  
What causes the subtropical warming?  Actually eddy-driven 
(Wu et al. 2010, 2011 in prep.) so this leaves the mystery.

Argument 2: Increased phase speed of eddies causes 
subtropical critical line to move poleward and, hence, eddy 
momentum flux convergence pattern and, hence, jet and 
storm track.  
What causes the increased phase speed? Radiatively-driven 
stronger lower stratospheric winds?
Any role for changes in wave refraction (c.f. ENSO)?
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The makings of the Earth’s climate - 
numerical climatology

Ric Williams

huh?

Yohai Kaspi

Jeff Yin

Zhiming Kuang
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Departure of winter 
temperature from zonal 

mean, CCM3 model 

with OHT

no OHT
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North-south flow forced by mountains 
cools eastern North America and warms 

western Europe
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So the Rockies play a basic role in the distributions of mid-
latitude climates ...

Storm tracks also influenced by mountains, oceans

transient 
EKE

with mountains and OHT

NO mountains NO OHT

with mountains NO OHT

no mountains with OHT

Williams et al. 
(2007), Wilson, 
Sinha, Williams 
(2008, 2010)

Tuesday, April 12, 2011



But massive heat release in winter in Kuroshio and Gulf Stream 
proper may CAUSE COOLING OVER CONTINENTS TO THE 

WEST .... idealized model responses to imposed WBC-style heating:

rotation rate
1X 2X 3X 4X

transient 
EKE

T*

v*

SLP*

Kaspi and Schneider (2011)
increasing zonal extent of cooling with rotation rate 
consistent with increased group velocity of Rossby 
waves forced by WBC heating
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And while canards are falling ...

Precip

full model

no mountains

Himalayas but no 
Tibetan plateau

Asian monsoon does 
not require Tibetan 
plateau heating 
(Boos and Kuang 
2010)
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Drought and the 
hydrological cycle

‘nuff already!

David Lorenz

Ben Cook

Myles Allen

Nir Krakauer
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After Trenberth (1999),  Allen and Ingram (2002) 
popularized the idea of more of total precipitation 

falling in the heaviest precipitation events

Increase follows C-C scaling for moisture availability with additional 
enhancement for tropical extremes
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Precipitation 
change for 2XCO2 

in 14 CMIP2 
models

24 Model Mean IPCC P-E (2021 to 2040) - (1950 to 1999)
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Reproducing the 
precipitation history 
of North America with 
SST-forced models 
(Seager et al. 2005)

Southwest 
N. America

Great Plains

The great droughts 
(Dust Bowl, 1950s, 

1998-2004) were forced by 
small tropical SST anomalies
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19

The Dust Bowl drought was 
centered north of usual Pac-
Atl SST-forced droughts.

The Dust Bowl drought was 
also unique in that wind 
erosion, caused by poor 
land use practices, created 
vast dust storms 

Fig. 1.—Wind erosion in the Great Plains in the 1930s. An irregular line bounds the
Great Plains region as delimited by the Great Plains Committee. Source: Adapted from
“General Distribution of Erosion” (U.S. Dept. Agriculture, Soil Conservation Service, Au-
gust 1936).
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contemporary observations of 
dust storms and modeled 
(GISS) dust storms 
Cook et al. (2008, 2009, 2010)

MABCH 1936 MONTHLY WEATHER REVIEW 87 

lower Great Lakes during the day and reached the vicin- 
ity of Buffalo at 5 p. m. on the 24th. This motion would 
carry the air to New Hampshire by about midnight. 
The path indicated goes northeastward through Iowa, and 
gradually curves eastward over the Lower Great Lakes 
region, approaching New England from west-nort’hwest. 

This path is verified by observational evidence of dust- 
falls. Dust was observed to spread over central Kansas 
and aloft over the eastern portion of that State on the 
24th, appearing a t  high levels even a t  North Platte, Nebr. 
During the airplane observation a t  Omaha, begun a t  
4 a. m. on the Nth, dust was observed between 3,330 and 
3,430 meters. From that station eastward to Buffalo, no 
observation of the dust was noted, because general cloud- 
iness prevailed without precipitation; and the obscur- 
ing effect of the dust, which a t  this time was only aloft, 
could not be distinguished from that of the clouds. The dust 
became apparent in northern New E‘ork when rain which 
had mixed with the dust to produce mud was observed. 

The conditions in the “dust bowl” on February 23 
when this dust began to be raised are described in the 
report of Glen H. Phillips, Weather Bureau observer at  
Pueblo, Colo. He writes: 

Black, swirling clouds of dust rolled over practically every county 
[in Colorado] south of the 40th parallel and east of the 105th 
meridian. The air was heavily laden with dust over this area, 
reducing the visibility to practically nothing in many localities and 
completely halting motor traffic. Pueblo experienced the worst 
storm since the St. Patrick’s Day “black blizzard” of 13 years ago. 
Semidarkness enveloped the entire southeastern portion of the 
State and artificial light was used during midday. 

Similar conditions were reportecl in western Oklahoma, 
the Texas Panhandle, northeastern New Mexico, and at  
Dodge City, Kans. 

The reports from northern New York give an interest- 
ing account of how the dust was precipitated late the 
following day out of the upper air along with the raindrops. 
At Buffalo, light dust had been observed in the afternoon 
by airplane pilots, who reported i t  as occupying a layer 
between 6,000 and 10,000 feet altitude. In the evening, 
between 7 and 8:15 p. m., the dust was brought down with 
x misting rain, which produced n thin coating of niud 
visible on polished objects such as automobiles. A t  
Oswego, a t  5:30 p. m. the sky was darkened by heavy 
clouds of a yellow color. Breaking of the clouds shortly 
after sunset showed the yellow color quite prominently. 
Subsequently reports were received of a small deposit of 
dust on automobiles which had been out between 5 and 
7 p. in. ’ The dust was reported at  the following stations 
in the vicinity: Watertown, Tupper Lake, Alexandria 
Bay, and Willsboro. 

At Canton, N. Y., there was a light fall of dust with 
the rain which occurred late in the afternoon and in the 
evening. H. E.  Heyer, Weather Bureau official at  
Canton, writes: 

Motorists report that the windshields of their cars became so 
heavily streaked with mud as to interfere seriously with vision, 
making it necessary, in some cases, to stop and clean off the mud 
deposit. 

The (lust-laden air from the southwest was acting along 
a warm front against a colder air mass to the enst. Over 
northern New England the air rising upward along the 
sloping warm front surface had reached a height such that 
snow was formed instead of rain. This snow showed the 
presence of dust just as had the falling rain. Falling 
with the snow, the dust produced a striking effect in the 
peculiar brown color it gave to the snow. 

DUSTSTORMS OF FEBRUARY AND MARCH 1936 IN THE UNITED STATES 

By R. J. MARTIN 

[Weather Bureau, Washington, D. O., April 19361 

The Weekly WeatheT and Crop Bulletin for the week 
ending February 4, 1936, carried the following statement: 
“The soil conhues  much too dry in the sout,hwestern 
Plains, cent8ering in southwestern Kansas and southeastern 
Colorado, with strong probability of drifting and dust- 
storms unless more moisture is received soon.” 

Moisture s&cient to relieve the droughty conditions 
failed to materialize; and numerous and severe dust- 
storms occurred over southeastern Colorado, northeastern 
New Mexico, western Kansas, and western Oklahoma in 
February. Late in the month, dust was reported as far 
east as Missouri, and some cooperative observers in 
Texas reported crop damage. In western, and some 
central, sections of Kansas the storms were of marked 
intensity; and on the 22d, visibility was so reduced by dust 
in portions of Colorado that pedestrians collided with one 
another in attem ting to get about during the height of 
the storm. On &e 24th, dusty conditions prevailed in 
portions of northern New York. These last two storms 
are described in the February 1936 MONTHLY WEATHER 
REVIEW. 

The accompanying chart shows the number of days with 
duststorms or dusty conditions in March 1936, and is 
based onlv on reDorts from first-order stnt’ions of the 

Early in March, duststoms were reported in eastern 
New Mesico, where conditions were more favorable for 
t,heir inception t,han in t,he preceding year, and in most, 

. - -~  _. - -~ - 

Number of days with dustatorms, or dusty condltions, March 1936.-W.A. M 

other sections of the dry southwestern area, especially in 
the Oklahoma Panhandle and southeastern Colorado. 

Weather gureau. *It will be seen that the greatest number 
occurred in the persistently dry area centering over the 
Southern Great Plains, the frequencyyzdecreasing rather 
uniformly with distance from this droughty source-the 
“Dust Bowl. ” 

During the week ending March 24 severe storms, some-of 
them the worst reported so far this yew, occurred in 
several southwestern States. Dust from western Kansas 
was carried through the air to the eastern part-‘of the State, 
but here the storms were not so severe as those of March 

Martin, 1936
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Based on wind erosion 
maps convert portions 
of model grid boxes to 
bare soil

Model created dust 
storms, the dust 
interacted with solar 
and longwave radiation 
intensifying the drought 
and moving it north

Observed 
1930s 
precipitation 
anomaly

Modeled with 
SST forcing only

Modeled with 
SST forcing 
and 
interactive 
dust

Cook et al. (2009)
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Direct human intervention in the hydrological cycle .... 
irrigation locally cools temperature (and alters precip)

Modeled surface temperatures, with 
irrigation minus no irrigation

Cook,Puma, 
Krakauer (2010)
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Summary

NOAA postdoc fellows, as postdocs and in subsequent 
careers, are all over the most important topics in 
large-scale climate dynamics, climate change and 
hydroclimate and in many cases are defining the 

research frontiers

NOAA should be very proud of a vastly successful 
program
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