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The poleward shift of storm tracks under global warming:
A Lagrangian perspective

T. Tamarin'> and Y. Kaspi'

1Department of Earth and Planetary Sciences, Weizmann Institute of Science, Rehovot, Israel

Abstract Comprehensive models of climate change projections have shown that the latitudinal band
of extratropical storms will likely shift poleward under global warming. Here we study this poleward shift
from a Lagrangian storm perspective, through simulations with an idealized general circulation model. By
employing a feature tracking technique to identify the storms, we demonstrate that the poleward motion
of individual cyclones increases with increasing global mean temperature. A potential vorticity tendency
analysis of the cyclone composites highlights two leading mechanisms responsible for enhanced poleward
motion: nonlinear horizontal advection and diabatic heating associated with latent heat release. Our results
imply that for a 4 Krise in the global mean surface temperature, the mean poleward displacement of
cyclones increases by about 0.85° of latitude, and this occurs in addition to a poleward shift of about 0.6° in
their mean genesis latitude. Changes in cyclone tracks may have a significant impact on midlatitude climate,
especially in localized storm tracks such as the Atlantic and Pacific storm tracks, which may exhibit a more
poleward deflected shape.

1. Introduction

Traditionally, two complementary approaches are used to study the midlatitude storm tracks and the mobile
weather systems that compose them. In the Eulerian approach, storm tracks are defined as regions of
enhanced eddy kinetic energy (EKE) [Blackmon et al., 1977] (Figure 1), where eddies are defined as transient
variations with a typical time scale of 3-10 days. In the Lagrangian approach, these regions are defined as
aggregates of tracks of individual storms, thus historically named “storm tracks.” The latter approach requires
a Lagrangian feature tracking of the storms to analyze their statistical distributions [e.g., Hodges, 1995].

Understanding how the storm tracks respond to climate change, and how that may influence our climate and
weather, is of major importance. Previous studies using climate change projection models have shown that
the mean intensity of cyclones is likely to increase and the total number of cyclones to decrease, though the
number of extreme cyclones could potentially increase [Lambert and Fyfe, 2006; Ulbrich et al., 2008; Bengtsson
etal., 2009; Zappa et al., 2013]. In addition, the storm tracks and the corresponding maximum of EKE are likely
to expand upward and shift poleward as a result of climate change [Yin, 2005; Bengtsson et al., 2006; Ulbrich
et al., 2008; Bengtsson et al., 2009; Wu et al., 2011; Chang et al., 2012], and the latter is especially clear in the
Southern Hemisphere (SH) [Chang et al., 2012] (Figure 1).

The poleward shift of the storm tracks was found both in reanalysis data of recent years [Fyfe, 2003; Son et al.,
2008] and in multimean ensemble projections of models forced with enhanced greenhouse gas concentra-
tions [Yin, 2005; Bengtsson et al., 2006; Ulbrich et al., 2008; Bengtsson et al., 2009; Chang et al., 2012; Barnes and
Polvani, 2013]. The latter suggest that the storm tracks will shift on average between 1° and 2° in latitude
poleward under a CO, doubling scenario [Chang et al., 2012]. Several mechanisms have been proposed to
explain the poleward shift, including changes in the meridional location of maximum baroclinicity [Yin, 2005],
increased static stability in the subtropics and midlatitudes [Lu et al., 2007, 2010], increased tropical convective
stability [Mbengue and Schneider, 2013], enhanced upper level tropical heating [Butler et al., 2010], increased
sea surface temperatures [Caballero, 2005; Kodama and Iwasaki, 2009; Graffand LaCasce, 2014], and changes in
eddy characteristics [Kushner and Polvani, 2006; Chen and Held, 2007; Lorenz and DeWeaver, 2007; Kidston et al.,
2010; Riviére, 2011]. However, there is currently no agreement on what is the dominant dynamical process
responsible for the poleward shift.

The complexity of the climate system, along with its internal variability, nonlinear feedbacks, and dynamical
processes, often makes it extremely hard to identify the governing underlying mechanisms. Our ability to
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Projected EKE change simulate the global circulation is
increasingly improving, as a result
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10 processes and the numerical resolu-
0 tion. However, large model biases and

uncertainties for climate change pro-
_1p Jections are still obtained. For these
reasons, there is need for more ide-
-20 alized and simplified studies, where
the full global circulation models are
stripped to retain only the most basic

Figure 1. Eddy kinetic energy (m? s=2) at 300 hPa in current climatology

(black contours) and the projected change (the last 20 years of the 21st elements. In this study, such a sim-
century minus the last 20 years of the twentieth century) (colors), from all plified approach is taken to study the
models participating in Phase 5 of the Coupled Model Intercomparison poleward shift of the storm tracks.
Project (CMIP5) in the high emissions Representative Concentration

Pathway 8.5 scenario, for a NH winter (December-February). This is done by performing global

warming experiments in an idealized

zonally symmetric general circulation
model (GCM), by systematically increasing the global mean surface temperature. The model has simplified
radiative transfer and moist convection schemes [Frierson et al., 2006; O‘Gorman and Schneider, 2008], and it
is an aquaplanet model. It does not include, for example, continents, clouds, sea ice, and chemical processes.
Yet the poleward shift of cyclones with global warming is well captured in our model. The lack of local asym-
metries results in a climate that resembles more the SH storm track on Earth (Figure 1), and our analysis is
therefore more adequate for explaining the SH shift of the storm tracks. In the Northern Hemisphere (NH), the
presence of continents results in a localized storm track that is deflected poleward [Brayshaw et al., 2008; Kaspi
and Schneider, 2013], and a more pronounced poleward motion of cyclones occurs in these regions. However,
the basic mechanisms for poleward propagation of cyclones in a zonally symmetric storm track, which are
shown to intensify in a warmer climate, are also relevant for the NH [Tamarin and Kaspi, 2017a]. This implies
that the Atlantic and Pacific storm tracks in the NH may become more deflected poleward under a global
warming scenario.

In this study a Lagrangian perspective is adopted to study the poleward shift, by employing a feature tracking
technique [Hodges, 1995] and considering dynamics at the storm scale. This is different than most previous
studies, which examined the poleward shift of the storm track from an Eularian perspective, as a whole. The
vorticity data are used to track cyclones and construct composites of the potential vorticity (PV) tendencies
associated with them. Thus, the dominant terms in the PV tendency analysis can be easily interpreted. It is
shown that horizontal advection associated with the nonlinear self-advection of the cyclones, as well as the PV
tendency due to diabatic processes associated with latent heat release (LHR), both contribute to the poleward
motion of the cyclone. These mechanisms are then shown to intensify in a warmer climate.

The main goal of this paper is to present a new perspective on the poleward shift that explains it qualita-
tively, rather than to give an exact prediction for the shift. The real world is obviously far more complicated
than the idealized GCM used here, as there are many important processes that are neglected (e.g., continents,
topography, clouds, and sea ice). However, the fact that a poleward shift is obtained even in such a simplified
model indicates that there is a more basic underlying dynamical mechanism. The idealized GCM therefore
serves to develop a better understanding of the process and to highlight the important signals that can then
be identified in more complicated and realistic models [Tamarin and Kaspi, 2017b].

2. Methods

2.1. Idealized GCM

The idealized GCM uses the spectral core of Geophysical Fluid Dynamics Laboratory Flexible Modeling System
and solves the hydrostatic primitive equations for an ideal-gas atmosphere [Frierson et al., 2006; O’Gorman
and Schneider, 2008]. It is a three-dimensional model with spherical geometry and a lower layer of a slab
ocean. The horizontal resolution used for this study is T85 (1.4° x 1.4°), and the vertical coordinate ¢ = p/p,
(where p, is the surface pressure and p is pressure) has 30 levels.
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The idealized GCM has a simplified representation of water vapor, perpetual equinox conditions, and a sim-
plified two-stream gray radiation scheme [Frierson et al., 2006], where longwave optical thickness = depends
only on pressure and latitude:

T = [f,0+ (1-1) 04] [re+ (’L'p -1,) Sin2¢]. (1)

Here ¢ is latitude, f; = 0.2,and 7, = 8.2, 7, = 2.4, are the longwave optical thicknesses at the equator and pole,
respectively, chosen to roughly mimic the temperature distribution on Earth. The model has simplified moist
convection and condensation schemes [Frierson et al., 2006], and water vapor is relaxed toward a fixed relative
humidity. In addition, a planetary boundary layer scheme determines the surface temperature through an
energy balance that includes thermal radiation, latent heat, and sensible heat.

2.2. Storm Tracking Algorithm and Composites

An objective feature point identification and tracking technique [Hodges, 1995] is used to identify cyclones
and track them. In this study, we use the 780 hPa vorticity field to identify the cyclones, and their centres are
then tracked every 6 h (similar results are obtained when the 850 hPa level is used instead). A filtering of the
data is performed prior to the tracking, to reduce noise, and the data are smoothed to a T42 grid [Hodges,
1995, 1999]. The background flow is also removed to isolate the synoptic and mesoscale features. A cutoff of
10~ s~ is used for the vorticity field, and only cyclones that travel more than 1000 km and for more than
2 days are used for the analysis.

Next, the tracks are used to produce cyclone composites. For each cyclone identified, we place a box around its
center (30° latitude by 40° longitude). The composites are computed during the growth stage, until the time
of maximum intensity of each cyclonic storm, and then averaged over all of them. We use the 1500 strongest
cyclones from each 3000 simulation days for each run, out of approximately 17,000 cyclones identified in the
coldest experiment and 15,000 in the warmest experiment (the total number of cyclones identified decreases
with the warming). However, similar qualitative results are obtained if more cyclones are considered for the
analysis (see supporting information Figure S3).

2.3. Idealized Global Warming Experiments

The global warming experiments are performed in the idealized GCM by increasing the optical depth param-
eters at the equator and the pole [e.g., O'Gorman and Schneider, 2008; Levine and Schneider, 2011; Pfahl et al.,
2015]. A reference simulation is used, with parameters of the longwave optical thicknesses at the equator and
pole chosen to reproduce a meridional temperature similar to that on Earth, as given in equation (1). An addi-
tional 11 simulations are then performed where the optical depths at the equator and the poles are multiplied
by the same constant «, where 1 < a < 1.85. This results with a gradual increase in the global mean surface
temperatures, of up to 298.2 K.

3. Poleward Motion of Cyclones

The tracks of the 1500 most intense storms, over a period of 3000 days, are shown for a simulation with condi-
tions similar to current Earth’s conditions (T, = 286.8, Figure 2a). The tracks are computed using the vorticity
field at 780 hPa, where color indicates the intensity of the storm (normalized by 10~> s~'), and translated to
start from a common point. The level of 780 hPa is chosen here as representative of the lower level, but the
results are essentially identical if the 850 hPa level is used instead. Only tracks originating in the midlatitudes
(between latitude 30° and 60°) are considered, and tracking is performed only during the growth stage of
the cyclones. The mean cyclonic system propagates approximately 10.2° in latitude poleward and 46.6° in
longitude eastward (the black arrow in Figure 2a). The latitudinal displacement found here is similar to the
mean latitudinal displacement of the SH storm track from NCEP reanalysis data, for the years 1980-2013
(see supporting information Figure S1).

To understand the mechanisms responsible for the poleward motion of cyclones and how they may vary in
a warmer climate, we analyze the dynamics from a PV perspective. PV, which is a measure for the absolute
circulation of an air parcel that is enclosed between two surfaces of constant potential temperature, is a very
useful concept in geophysical fluid dynamics [Pedlosky, 1987]. Following an air parcel, PV is conserved for an
adiabatic and inviscid process. The Ertel PV, written in pressure coordinates, is given by

q=—g(fk+¥,x1) 9,0, )
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a T, =286.8 K where f is the planetary vorticity, 6 is the
8 potential temperature, and V, X U is the
relative vorticity, and satisfies
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where R is the radius of Earth and ¢ and

0 0 are the zonal and meridional coordi-
nates, respectively. The last term repre-
sents diabatic processes such as latent
heat release, given by
s Q=-g(fk+7,xa) ﬁp(%). @)
Note that at the level considered here
4 (780 hPa) the surface drag is small and
was therefore notincluded in the analysis.
To specifically calculate the contribution
2 of latent heat release, we use the expres-
sion derived by Emanuel et al. [1987]:

A(Latitude)

‘ : 0 a0
-50 0 50 100 150 (d—‘)) =w<@—y—’”ﬁ—5>. (5)
dt /iHr op  yq 0 op
A(Longitude) Here 6; denotes equivalent potential
Figure 2. Tracks of the low-level cyclones (780 hPa), translated to a temperature, and y,, 7, represent the
common starting point, for a global mean surface temperature of dry and moist lapse rates, respectively.
(a) T, = 286.8 Kand (b) T; = 298.2 K. The tracks are plotted until the In the absence of moist processes y,, = 7,
.cyclon.es reach thelr.n?aX|mum intensity, where_csolcj: indicates the 0 = 6;, and hence (@) -0
intensity of the vorticity anomaly (scaled by 107> s~"). The black dt J1HR

arrow in Figures 2a and the grey arrow in 2b show the mean A composite of the low-level (780 hPa)
displacgment vector.of the cycl.one?,, and the Igger?d ind.icatgs the PV associated with these cyclones, dur-
mean displacement in the longitudinal and latitudinal directions, ) K , X
respectively. The small box in Figure 2b shows the two displacement ing their growth stage, is shown in
arrows superimposed together, where the black arrow of the coldest Figures 3a-3c. The PV analysis reveals two
simulation starts from the origin and the grey arrow of the warmest dominant mechanisms responsible for
simulation is shifted poleward by an amount equal to the mean shift of  their poleward tendency. The first term
the starting latitude of cyclones between the two simulations (1.3°). on the right-hand side of equation (3), the

horizontal advection of the perturbation

PV, contributes to a positive PV tendency
on the northeastern side of the anomaly and a negative PV tendency on the southwestern side of the cyclone
(Figure 3a). A decomposition of this term to its different components (not shown) shows that it is the zonal
flow that is responsible for the eastward advection of the perturbation PV, while the nonlinear advection
terms are those responsible for the poleward tendency [Tamarin and Kaspi, 2016]. This poleward advection is
associated with lower level winds induced by PV at upper levels [Gilet et al., 2009; Oruba et al., 2013; Coronel
etal., 2015; Tamarin and Kaspi, 2016]. In the PV perspective, cyclogenesis is described as the mutual amplifica-
tion of a positive low-level PV anomaly, associated with the cyclone, and a positive upper level PV anomaly to
its west [Bretherton, 1966; Hoskins et al., 1985]. During the growth stage of the cyclone, the fact that the lower
level PV is to the east of the upper level PV implies that it resides in a region where the upper level wind is
oriented poleward. Thus, a poleward wind is induced at low levels, advecting the low-level PV poleward. This
was demonstrated in Tamarin and Kaspi [2016] using PV inversion, which showed explicitly that the poleward
advection of the low-level cyclones is a result of wind induced by the upper levels.

The second mechanism found for the poleward motion of the low-level PV is associated with diabatic warm-
ing due to latent heat release (Figure 3b). Since cyclonic circulation in the NH (SH) is anticlockwise (clockwise),

TAMARIN AND KASPI

THE POLEWARD SHIFT OF STORM TRACKS 10,669



@AG U Geophysical Research Letters 10.1002/2017GL073633

a  Advection b LHR c Total
M 20k o 5
< N ¢
Ne) /
25 [ X
Cﬁ‘ 15 KN N I @ 0
< bis 2 -5
10 :
d e f PVUs™
< 20f T 5
. A
o0
NCI /7 ©
C|\|] 15 BN 8 y & 0
= 20 ms / -5
10 =
10 30 10 20 30 10 20 30 pyys

L, L,

Figure 3. Cyclone composites of low-level (780 hPa) PV tendency from (a and d) horizontal PV advection by low-level
winds (black arrows) and (b and e) diabatic heating due to latent heat release. (c and f) Total PV tendency (d—q,) at
low levels. Figures 3a-3c correspond to a simulation with a global mean surface temperature of T; = 286.8 K and
Figures 3d-3f to T, = 298.2 K. PV tendencies are given in units of 1076 PVU s~'. The low-level PV anomaly is shown in
black contours, with lowest contour equal to 0.65 PVU and contour intervals of 0.05 potential vorticity unit (PVU),

1PVU=10"% (K*mz)/(kg*s). Ly and L, are the latitudinal and longitudinal lengths (in degrees) of the composite box,
respectively.

it systematically advects low temperatures to the west of the cyclone and high temperatures to its east. This
poleward moving moist and warm air to the east of the cyclone also ascends upward, and as it does so it
cools and condenses, releasing latent heat. Thus, latent heat release is maximized in the midtroposphere in
the northeastern side of the cyclone. Diabatic heating at the middle of the atmosphere can produce a positive
low-level PV tendency and a negative upper level PV tendency [Davis et al., 1993; Stoelinga, 1996; Lackmann,
2002; Posselt and Martin, 2004; Hawcroft et al., 2016a]. This occurs because the isentropes above the warming

will tend to widen (i.e., |Z—Z| decreases), while the isentropes below the warming will tend to narrow (i.e., |3—Z|

increases). Hence, from equations (3) and (4), % < O atupper levels and % > 0 at lower levels. In addition, the
warming enhances the upward motion and therefore the convergence at lower levels, which enhances even
further the relative vorticity at low levels. From its definition (equation (2)), the PV therefore increases at low
levels and decreases at upper levels. The positive diabatically produced PV tendency at low levels contributes
to the northeastward propagation of the low-level cyclone [Tamarin and Kaspi, 2016]. The processes associ-
ated with latent heating may be especially important for future projections of climate change [Hawcroftet al.,
20164al, particularly given the observed biases in precipitation intensity produced by some models [Hawcroft
etal., 2016b]. Finally, the total PV tendency (Figure 3c) shows a dipole that is tilted SW-NE, consistent with the
overall eastward and poleward propagation of the low-level cyclones.

4, Enhanced Poleward Motion in Warmer Climates

To analyze systematically how the mechanisms described above change when the background climate
warms, we perform a series of experiments where we gradually increase the global mean surface tempera-
ture. This is achieved by varying the longwave optical thickness at the equator and the pole (by multiplying
them by the same constant, see section 2.3), which represents changes in longwave absorbers such as carbon
dioxide and water vapor.

In a warmer climate (T, = 298.2, Figure 2b), the mean cyclonic system is not only formed 1.3° in latitude more
poleward but also now propagates approximately 13.1° in latitude poleward and 44.5° in longitude eastward
until maximum intensity (grey arrow in Figure 2b). Hence, in addition to a shift in the mean starting lati-
tude of the cyclonic storms, their poleward latitudinal drift also increases, and their longitudinal drift slightly

TAMARIN AND KASPI

THE POLEWARD SHIFT OF STORM TRACKS 10,670



@AG U Geophysical Research Letters 10.1002/2017GL073633

a b
14 5.2
13 ‘% 2
&< .8
£ 12 % % s
— [al
< =
11 g
£ 44
10
C
. .8
T{I] '_I;IJ
= 8 =
= =
£ £ 7
26 oy
=) [=}
5 < 6
=} =1
& £
> 4 >
[l [l
286 290 294 298 386 290 294 298
T (K) T (K)

Figure 4. The dependence on the global mean surface temperature (K) of (a) the mean latitudinal displacement of
cyclones, until their maximum intensity is reached, (b) the mean intensity of the composite PV perturbation, (c) the
mean values of the PV tendencies from the horizontal advection term (red) and diabatic heating associated with latent
heat release (blue) from the cyclone composites, and (d) the mean value of the total PV tendency from the cyclone
composites. The mean PV and PV tendencies are measured as an average over the grid points surrounding the maximum
value. Each dot represents individual run, and the lines show the best linear fit in Figures 4a, 4c, and 4d, while in

Figure 4b a quadratic fit is used. Dashed lines in Figures 4c and 4d show the normalized PV tendencies. The error

bars in Figure 4a reflect the standard error of the mean latitudinal displacement for each run.

decreases. This implies that the mean track of intensifying cyclonic systems becomes more tilted toward the
pole. Both the PV tendency due to the horizontal advection terms (Figure 3d) and the PV production due
to latent heat release (Figure 3e) intensify. The total PV tendency in a warmer climate (Figure 3f) results in
a stronger motion of the low-level cyclone toward the northeast. The PV tendencies in a warmer simulation
appear to be not only stronger but also more SW-NE oriented. This is consistent with the enhanced poleward
propagation and overall tilt of the mean cyclonic track in the warmer simulation (Figure 2b).

Gradually warming the background climate shows that the poleward motion of cyclones is enhanced, and the
latitudinal distance traveled by the cyclones until maximum intensity increases almost linearly (Figure 4a). The
mean starting latitude of the cyclonic storms also gradually shifts poleward, due to expansion of the Hadley
Cell and associated shift in maximum baroclinicity [Lu et al., 2007], but does not explain the total observed shift
in the latitude of maximum cyclone intensity (see supporting information Figure S2). Hence, the changes in
the cyclone displacements are crucial for explaining the overall observed shift. Consistent with the enhanced
poleward propagation, both the mean value of the horizontal PV advection (red dots in Figure 4c), and due
to latent heat release (blue dots in Figure 4c) increase. In addition, the mean value of the PV perturbation
increases (Figure 4b).

The enhancement of the horizontal PV advection in a warmer climate (red dots in Figure 4c) may be related
to both the enhancement of the upper level jet (not shown) and the low-level PV perturbation (Figure 4b).
Stronger upper level winds imply that the induced poleward velocity at low levels is stronger. Stronger
low-level PV anomalies, which are also associated with stronger upper level PV, tend to propagate more
poleward.

The increase of the PV tendency associated with latent heat release in a warmer climate (blue dots in Figure 4c)
is potentially a result of the Clausius-Clapeyron relation, which implies that a warmer atmosphere has a larger
saturation water vapor pressure, given that relative humidity does not change significantly (though there may
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be some nontrivial changes in relative humidity associated with changes in advection around the composite
cyclone, and moisture availability may be more important locally [Pfahl and Sprenger, 2016]). Hence, more
latent heat release occurs in a warmer climate, which both intensifies the low-level cyclones and contributes
to their poleward propagation. Interestingly, in our model, at temperatures close to Earth’s temperatures, the
two processes responsible for the poleward propagation appear to be of similar magnitude. However, as the
climate warms, latent heat release becomes more dominant (Figure 4c), possibly due to the dependence of
saturation vapor pressure on temperature. The change in saturation vapor pressure as the climate warms is
especially important, since it influences the precipitation associated with the cyclonic storms. For example, it
was found that changes in composite cyclone precipitation intensity in a warmer climate are almost entirely
thermodynamically driven (increase in water vapor path) rather than dynamically driven (increase in mean
cyclone wind speed) [Yettella and Kay, 2016].

The reduction in the longitudinal displacement may be related to the enhancement of the low-level PV
anomalies in a warmer climate, as stronger cyclones can also self-propagate faster westward (in a similar
manner to the westward propagation mechanism of Rossby waves [Rossby, 1948]). In addition, there is a
reduction of the zonal mean zonal flow at high latitudes (not shown), and this contributes to the fact that the
cyclones propagate less eastward in our idealized global warming experiments but may not be the case in
more comprehensive GCMs.

Note that because the cyclone intensity and its associated PV perturbation increase with the mean temper-
ature, looking at the tendencies alone does not necessarily imply a larger poleward motion (since a stronger
amplitude would require a stronger tendency in order to propagate). For that reason, the previous analysis
was repeated but with PV tendencies normalized by the corresponding mean PV anomaly (dashed lines in
Figures 4c and 4d). The results are similar and show the overall increase of the PV tendency with the global
mean surface temperature.

5. Discussion and Summary

In this study, it is suggested that the poleward shift of storm tracks in a warmer climate can be viewed as an
enhanced poleward motion of individual cyclones. From a Lagrangian storm perspective, two mechanisms are
shown to produce a poleward tendency: nonlinear horizontal advection, which is associated with the upper
level PV, and PV tendency due to latent heat release. Both are shown to intensify in a warmer climate, which
can explain the enhanced latitudinal drift of cyclones. This occurs in addition to other suggested mechanisms
that cause a poleward shift, such as the expected poleward shift of the meridional temperature gradient and
baroclinic zone due to the expansion of the Hadley cell [e.g., Yin, 2005].

Note that in order to obtain a poleward shift in a zonally symmetric storm track, such as in the SH, it is not
enough to have a more tilted mean track. Rather, it is the latitudinal displacement that ultimately determines
whether a poleward shift is obtained or not. For example, if the mean cyclonic track becomes more tilted, but
its lifetime becomes shorter (or if it propagates more slowly), then the overall storm track will not shift pole-
ward. Enhanced latitudinal displacement of cyclones until maximum intensity necessarily implies a poleward
shift of the EKE. In a localized storm track such as those observed in the NH, this picture is more complex.
A larger latitudinal displacement, given the same mean cyclonic tilt, could just imply a downstream exten-
sion of the storm track toward the NE direction. On the contrary, a larger mean cyclonic tilt in a localized
storm track implies that the storm track becomes more deflected, but not necessarily a poleward shift of the
maximum EKE.

Our results imply that an additional latitudinal drift of 0.21° in latitude will occur for every 1 K of warming
(calculated from the slope of a linear best fit of Figure 4a). The longitudinal displacements predict a decrease
in longitudinal drift of 0.37° for every degree of warming (not shown). These value are, in fact, sensitive to the
intensity and number of cyclones on which the averaging is performed (see supporting information Figure S3).
However, they consistently show an increase in the mean latitudinal displacement with warming. In addi-
tion, the mean genesis latitude of the cyclones shifts by about 0.15° in latitude poleward per 1 K of warming
(see supporting information Figure S2). This implies an overall poleward shift of approximately 1.5° in the
latitude of peak cyclone intensity for a global mean surface temperature that is 4 K warmer than the mean
temperature today, where more than 50% of this shift is due to the changes in the meridional cyclone dis-
placements (rather than changes in the mean starting latitude alone). Taking into account both the latitudinal
and the longitudinal displacements, it is suggested that the tilt of the mean tracks of cyclones is expected
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to increase. This implies both a poleward shift of the storm tracks as a whole, and that the localized storm
tracks may become more deflected toward the pole. This can have a significant impact on regional climate in
the midlatitudes, especially for regions close to the eastern ocean boundaries in the localized storm tracks in
the NH.

Notation

PV potential vorticity.
EKE eddy kinetic energy.
LHR latent heat release.
NH Northern Hemisphere.

SH Southern Hemisphere.
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