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ABSTRACT: In the Southern Hemisphere, Earth system models project an intensification of winter storm tracks by the
end of the twenty-first century. Previous studies using idealized models showed that storm track intensity saturates with
increasing temperatures, suggesting that the intensification of the winter storm tracks might not continue further with
increasing greenhouse gases. Here, we examine the response of midlatitude winter storm tracks in the Southern Hemi-
sphere to increasing CO, from two to eight times preindustrial concentrations in more realistic Earth system models. We
find that at high CO, levels (beyond 4XCO,), winter storm tracks no longer exhibit an intensification across the extra-
tropics. Instead, they shift poleward, weakening the storm tracks at lower midlatitudes and strengthening at higher midlati-
tudes. By analyzing the eddy kinetic energy (EKE) budget, the nonlinear storm-track response to an increase in CO, levels
in the lower midlatitudes is found to stem from a scale-dependent conversion of eddy available potential energy to EKE.
Specifically, in the lower midlatitudes, this energy conversion acts to oppositely change the EKE of long and short scales at
low CO; levels, but at high CO, levels, it mostly reduces the EKE of shorter scales, resulting in a poleward shift of the
storms. Furthermore, we identify a “tug of war” between the upper and lower temperature changes as the primary driver
of the nonlinear-scale-dependent EKE response in the lower midlatitudes. Our results suggest that in the highest emission
scenarios beyond the twenty-first century, the storm tracks’ response may differ in magnitude and latitudinal distribution
from projected changes by 2100.

SIGNIFICANCE STATEMENT: The Southern Hemisphere winter storm track is projected to intensify by the end
of the century, with the most significant intensification occurring in the higher midlatitudes. However, we show that the
intensification is not a linear function of the radiative forcing associated with increasing CO, levels. In fact, our study
shows a poleward shift at very high CO, levels, with the storm track moving southward. This suggests that the Southern
Hemisphere winter storm track may require time-sensitive adaptation strategies, as the impacts of global warming on
the storm track may not be a linear function of CO, concentration in the atmosphere.
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1. Introduction horizontal (meridional) and vertical (static stability) tempera-
ture gradients (Lorenz 1955; Peix6to and Oort 1974), changes
in the temperature gradients in a warmer climate will directly
impact the storm tracks. For example, in a warmer climate, the
upper tropical troposphere is projected to warm more than the
upper polar troposphere, leading to a stronger upper meridional
temperature gradient and increased static stability at lower

Extratropical storm tracks transport heat, momentum, and
moisture, thereby directly influencing Earth’s hydrological cy-
cle (Harvey et al. 2014; Schwierz et al. 2010). These storm
tracks play a significant role in shaping regional weather and
climate by impacting the variability of precipitation, tempera-
ture, and winds in extratropical regions (Pfahl and Wernli

2012; Yau and Chang 2020; Chang et al. 2022). Any future midlatitudes. Conversely, near the surface, the polar regions
’ ’ are expected to warm more than the tropics, decreasing the

changes in storm tracks resulting from increased greenhouse o . - ¢
lower meridional temperature gradient and static stability at

gas (GHG) emissions will have consequential effects on re- ’ S .
gional climate. Therefore, understanding how storm tracks higher midlatitudes (Butler et al. 2010). These opposing ef-

will change in a warmer world becomes a critically important fects are expected to ‘dlffer.en.tly affect the response of the
question to address. storms to anthropogenic emissions.

The extratropical storm tracks consist of transient eddies Numerous Earth system model studies have_ extensively ex-
that extract their energy from the mean available potential ~Plored the .future response of storm tracks to increased GHG
energy (MAPE) via the process of baroclinic instability (Lorenz ~ concentrations (Yin 2005; Chang et al. 2012; Zappa et al.

1955; O’Gorman 2010). Since MAPE depends on both the 2013; Harvey et al. 2014; Lehmann et al. 2014; Harvey et al.
2020; Priestley and Catto 2022). In the Northern Hemisphere,

these studies suggest a weakening of summer (JJA) storm
tracks, while winter (DJF) storm tracks are expected to
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North Atlantic/western Europe. In the Southern Hemisphere,
summer (DJF) storm tracks are projected to shift poleward,
while winter (JJA) storm tracks are anticipated to intensify. It
should be noted that these changes are seen in models using
Eulerian metrics for the storm tracks (e.g., eddy kinetic en-
ergy), while Lagrangian-based metrics might yield different
results (Priestley and Catto 2022; Zappa et al. 2013). Some of
these storm-track responses have already been observed in re-
cent decades, including a shift in Southern Hemisphere (SH)
summer (Fyfe 2003; Bender et al. 2012) largely driven by
stratospheric ozone depletion (Polvani et al. 2011), an intensi-
fication in SH winter (Chemke et al. 2022a), and a weakening
in NH summer (Coumou et al. 2015; Chang et al. 2016). It is
important to acknowledge that most previous work has pri-
marily focused on the future storm-track response under sce-
narios involving CO,-quadrupling by the end of this century
[e.g., representative concentration pathway 8.5 (RCP8.5) and
shared socioeconomic pathway 5-8.5 (SSP5-8.5)]. Neverthe-
less, without any mitigation policy, the CO, concentrations
are expected to continue to increase beyond 2100. For ex-
ample, the highest emission SSP5-8.5 projects a transient in-
crease in greenhouse gas forcing up to 8XCO,, relative to
preindustrial (PI) values, by the year 2250 (Meinshausen
et al. 2020). Therefore, a more comprehensive understand-
ing of the storm-track response at CO, levels above 4XCO,
is essential.

Furthermore, previous idealized studies (e.g., O’Gorman
and Schneider 2008) have revealed a possible nonlinear be-
havior of storm tracks in response to global warming. Specifi-
cally, these studies demonstrated that the eddy kinetic energy
(EKE) exhibits a maximum at current surface temperatures
and decreases under both warmer and colder surface temper-
ature conditions. Considering that other studies have indi-
cated the potential for nonlinear variations in EKE in a
warmer world beyond the twenty-first century (Orbe et al.
2023), and given our expectation of reaching high CO, levels
in the future, we here systematically investigate the response
of storm tracks at CO, forcing levels above 4XCO, using
more realistic Earth system model simulations. This endeavor
is important because understanding and predicting how storm
tracks will respond in future warming scenarios beyond the
twenty-first century is essential for developing effective adap-
tation and mitigation strategies in the next century, particu-
larly in the event of a nonlinear response.

Our primary objective here is to address the question re-
garding the linearity of the intensification of the winter storm
tracks in the Southern Hemisphere in relation to increasing
CO, concentrations. We focus on the storm tracks in the
Southern Hemisphere, as they exhibit a nearly zonally sym-
metric structure (Chemke et al. 2022a), which not only allows
us to revisit the nonlinear behavior of the storms’ intensity,
previously found in zonally symmetric idealized models
(O’Gorman and Schneider 2008), but also because such zonal
symmetry is necessary for conducting a zonal spectral analy-
sis. As we will show below, the storms’ spectral response to
different CO, levels is a key component in their nonlinear
behavior.
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2. Methods
a. Models

We utilize two Earth system models: the large ensemble
version of the Community Earth System Model-Large En-
semble (CESM-LE) and the NASA Goddard Institute for
Space Studies Model E2.1-G (GISS-E2.1-G). The CESM-LE
model incorporates the Community Atmosphere Model,
version 5 (CAMS), with 30 vertical levels (with the model top
of 3.6 hPa), along with the Parallel Ocean Program version 2
(POP2) featuring 60 vertical levels. It employs a 1° horizontal
resolution across all model components (Kay et al. 2015). The
GISS-E2.1-G model includes a 40-level atmosphere (model
top of 0.1 hPa) with a 2° X 2.5° latitude/longitude resolution
and a 40-level GISS Ocean vl (GO1) component with a
1° horizontal resolution (Kelley et al. 2020). This specific
GISS model configuration contributed output to the phase 6
of Coupled Model Intercomparison (CMIP6) and is referred
to as “GISS-E2-1-G.”

In addition, we analyze model experiment output from the
extended RCP8.5 scenario from CMIPS, and the SSP5-8.5
from CMIP6. These scenarios run up to year 2300 with up to
7.6XCO, relative to PI levels. We use seven models in total
because those were the only models for which we could find
output for daily variables for the zonal and meridional winds.
The CMIP5 models used are MPI-ESM-LR, IPSL-CM5A-LR,
and CSIRO-Mk3-6-0, and the CMIP6 models are CanESMS5,
ACCESS-ESM1-5, MRI-ESM2-0, and EC-Earth3-Veg.

b. Experiments

In our study, we conduct abrupt-CO, experiments using
both CESM-LE and GISS-E2.1-G models, applying forcings
of 2X,3X,4X,5X, 6X,7X, and 8XCO,, relative to preindus-
trial values. In these experiments, trace gases, ozone concen-
trations, aerosols, and other forcings are maintained at PI
values. The integration period for all runs is set to 150 years,
starting from PI conditions, following a similar protocol to the
CMIP6 guidelines for 4XCO, runs. The response to abrupt-
CO, forcing is assessed by comparing the last 50 years of each
experiment with the corresponding PI control run.

To verify that our results also hold under a more realistic
increase in CO,, we conduct transient-CO, experiments using
both models. These experiments begin from PI conditions,
similar to the abrupt-CO, experiments. The CO, concentra-
tion is then increased at a rate of 1% per year (1pctCO,) for a
duration of 215 years, reaching slightly above 8 XCO,. The re-
sponse to transient CO, forcing is assessed by comparing this
experiment (10-yr average over the nXCO, value) with a PT
control run. The response for the RCP8.5 and SSP5-8.5 sce-
nario runs is calculated by contrasting the average of the last
20 years of each century (e.g., years 2080-2100 for the twenty-
first century) to the PI control run.

c¢. EKE

Following previous studies (O’Gorman and Schneider
2008; Chang et al. 2012; Coumou et al. 2015; Chemke and
Ming 2020; Chemke et al. 2022b), we assess the intensity of
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F1G. 1. Winter zonal EKE response (relative to PI control run) in the SH from CMIP models with extended
RCP8.5 and SSP5-8.5 scenarios (see section 2). The solid lines show the CMIP mean, and the shading (only for years
2000 and 2300) shows one standard deviation across the models. The latitude of the maximum EKE for the PI control

run is shown in gray vertical lines.

the winter (June—August) storm tracks in the Southern Hemi-
sphere using the vertically integrated transient EKE,

L (7 2
EKE:—J u'” + v'%)dp, 1
280( )dp M

where g is the gravitational constant, p; is the surface pressure, u
and v are the zonal and meridional wind, respectively, and prime
denotes the deviation from the monthly mean. We define the
eddy components, &' and v’, as deviations from the monthly mean
since daily wind output in our CESM-LE experiments is available
on only a few vertical levels. Nevertheless, defining the eddies us-
ing a bandpeass filter of 2-6 days does not change our results.

Additionally, the EKE spectrum is computed using a one-
dimensional Fourier analysis in the zonal direction at each lat-
itude (Saltsman 1957), following the methodology employed
in Chemke and Ming (2020),

EKE, = - " (4P + [o}P)d @
kizg 0 uk vk D,

where subscript k denotes the zonal wavenumber and the ab-

solute value signs indicate the modulus (as the spectral ampli-
tudes are complex numbers).

d. Spectral EKE budget

To identify the factors responsible for the changes in the
EKE spectrum, we follow previous studies (Chemke and
Kaspi 2015; Chemke and Ming 2020; Saltsman 1957) and cal-
culate the EKE, budget,

JEKE,
o

=PK, + EM, + EE, +F,. 3)
The term PK; corresponds to the conversion of eddy avail-
able potential energy to eddy kinetic energy,

2 (Ps "
PK, = —gj Re(u; - Vo )dp, 4)

0
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where u represents the horizontal velocity vector and ¢ is the geo-
potential. The asterisk symbol denotes the complex conjugate.

The term EM,, describes the transfer of kinetic energy be-
tween the eddies and the zonal mean flow, with the overbar
indicating the zonal average and 6 the latitude.

EM, = —gJJRe{uf'[iVu’ +u -V —
8Jo

uv'tan(6)  u'v tan((-))]
a Ik

+ v;:'[ﬁ-Vv' +u Vo +2

uu’ t;ln(ﬂ)]k}dp. )

The term EE, represents the energy transfer between differ-
ent waves (eddies of different wavenumbers). Finally, the
term Fj incorporates the dissipation processes and is esti-
mated as the residual in our budget calculation,

2 (Ps . ra
EE, = —71 Re|u;, (u' -Vu' — Ltanﬂ)
gJo a k
* 'u’ tan6
+ v, (u' -V + M) dp. 6)
k

3. Results

a. The nonlinear behavior of the Southern
Hemisphere EKE

We start by analyzing Southern Hemisphere wintertime
EKE changes in the historical and the extended highest emis-
sion scenarios RCP8.5 (CMIP5) and SSP5-8.5 (CMIP6) up to
the year 2300. In the historical runs by the year 2000 (average
over 1980-2000), we find a minor EKE intensification (CMIP5)
and no response (CMIP6) in the lower midlatitudes, and EKE
intensification in the higher midlatitudes is shown in olive lines in
Fig. 1. We define the lower and higher midlatitudes by averaging
over 30° of latitude, starting from the latitude of the maximum
EKE at the PI (vertical gray lines), extending equatorward and
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FIG. 2. SH winter (JJA) zonal mean EKE response to abrupt-CO, forcing in (a),(c) CESM-LE and (b),(d) GISS-
E2.1-G models. (a),(b) The results from the abrupt-CO, runs and (c),(d) the findings from the transient 1pctCO,
runs. The latitude of the maximum EKE for the PI control run is shown in gray vertical lines, and the latitudinal distri-

bution is shown in Fig. Al.

poleward, respectively. By 2100, the highest emissions scenarios,
which correspond to around 4XCO,, result in EKE intensifica-
tion at higher midlatitudes and almost no response in the lower
midlatitudes (orange line). By the year 2200, these emission sce-
narios reach around 7.4XCO, (red line), and a stronger EKE
intensification occurs at higher midlatitudes (poleward of the PI
EKE maximum), and a larger EKE reduction occurs at the lower
midlatitudes (equatorward of the PI EKE maximum), suggestive
of a poleward shift of the storm tracks. From year 2200 to year
2300, the CO, values increase from 7.4X to 7.6XCQO,, which
does not yield a further EKE intensification in the higher mid-
latitudes but a stronger reduction in the lower midlatitudes (dark
red). In summary, we find a nonlinear EKE response in the
lower midlatitudes in the extended high emission scenarios: EKE
is at or above the PI value until 2100 and then weakens to
year 2300.

To elucidate the nonlinear behavior of the EKE, we next
analyze the wintertime EKE response in our abrupt-CO,
forcing experiments up to 8XCO,, which allows us to cleanly
examine the evolution of the nonlinear EKE response. In the
abrupt-CO, runs (Figs. 2a,b), we find that at low CO, levels
(2X and 3XCO,), the EKE intensifies more at higher mid-
latitudes than at lower midlatitudes (time series of both latitu-
dinal bands shown in Fig. A2 in the appendix), consistent
with the reported intensification by the end of this century in
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CMIP5 and CMIP6 models (Chang et al. 2012; Harvey et al.
2014). The EKE exhibits minor changes in the lower mid-
latitudes, with a slight reduction in the CESM-LE model (Fig. 2a)
and some intensification in the GISS-E2.1-G model (Fig. 2b).
As CO, levels increase (above 3XCO, for CESM-LE and
5XCO, for GISS-E2.1-G), extending up to 8XCO,, the EKE
continues to intensify in the higher midlatitudes (poleward of
PI EKE maximum) while decreasing in the lower midlatitudes
(equatorward of PI EKE maximum), resulting in a poleward
shift of the EKE maximum (6° for CESM-LE and 4° for the
GISS-E2.1-G model). This behavior is also evident under the
more realistic transient 1pctCO, runs (Figs. 2c,d): even though
the response is weaker for the lower midlatitude EKE weaken-
ing, the poleward shift is of a similar magnitude as in the
abrupt-CO, runs (5° for CESM-LE and 4° for the GISS-E2.1-G
model). To further illustrate the zonally symmetric shift of the
Southern Hemisphere EKE toward higher midlatitudes, we pre-
sent the EKE maps in Figs. A3 and A4, supporting our focus on
studying the storm-track behavior from a zonal perspective.
Recently, Chemke and Ming (2020) demonstrated a scale-
dependent response of projected EKE in twenty-first-century
emission scenarios; while longer waves were found to inten-
sify, shorter waves were found to weaken in the coming deca-
des. It is thus crucial to examine the future changes in the
storms as a function of their scale. To investigate this behavior
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F1G. 3. The EKE; response to abrupt-CO, forcing as a function of zonal wavenumber in (a) CESM-LE and
(b) GISS-E2.1-G models. The solid lines represent an average over the higher midlatitudes (30° south of the latitude
of zonally averaged EKE maximum from PI run), while the dotted lines indicate an average over the lower mid-
latitudes (30° north of the latitude of zonally averaged EKE maximum from PI run). The EKE response is multiplied
by the zonal wavenumber to preserve the logarithmic x axis integral and is smoothed with a 3-point running means
for plotting purposes. Values for 30° and 40°S are shown in Fig. A5 and PI values in Fig. A6.

in our experiments, we next examine the spectral structure
of EKE [EKEy, Eq. (2), Fig. 3]. At higher midlatitudes,
EKE, strengthens over wavenumbers 6 and below with in-
creasing CO, concentrations, exhibiting a nearly monotonic
increase, with a minor decrease at shorter scales. At lower
midlatitudes, EKE, weakens monotonically over shorter waves
(wavenumbers 7 and above) with increasing CO,, with a minor
increase at longer scales (mainly not only in the GISS-E2.1-G
but also to a lesser extent in the CESM-LE model at low CO,
values). The scale-dependent changes at the lower midlatitudes
might explain the delayed weakening of the EKE response
over this region, i.e., pooling together the different EKE changes
over different scales (as done in Fig. 2) will yield an overall mi-
nor EKE response for low CO, levels. Last, we note that while
it is conceivable that a poleward shift of the EKE might
yield a reduction in zonal wavenumber (Tamarin-Brodsky
and Kaspi 2016, 2017; Tamarin and Kaspi 2017), the above
scale-dependent changes are evident at each latitude (single
latitudes shown in Fig. A5), and thus occur over different
length scales, and are not a manifestation of a poleward shift
of the storm tracks.

b. EKE; Budget

We now investigate the underlying physical processes re-
sponsible for the scale-dependent response of EKE, at the
lower midlatitudes. We start by analyzing the budget equation
of EKE; (Chemke 2017; Chemke and Kaspi 2015; Saltsman
1957) as expressed in Eq. (3). The EKE; budget shows four
factors contributing to changes in EKE,: the conversion from
eddy available potential energy to EKE (PKy), the transfer of
energy between waves and the zonal mean flow (EMy), the in-
teractions between different waves (EE), and the dissipation
processes (F).

The term that mostly contributes to the increase in EKE,
at higher midlatitudes and the decrease at lower midlatitudes
is PK;. (Figs. 4a,b). All other terms have minor or mitigating
effects. For example, in the lower midlatitudes, EM (Fig. 4c),
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EE, (Figs. 4e.f), and F; (Figs. 4g,h) act to increase EKE,. In
the higher midlatitudes, EE; and F; counteract the EKEy in-
crease. Furthermore, PK, also captures the scale-dependent
response of EKE, in the lower midlatitudes (dotted lines in
Figs. 4a,b). Such scale-dependent response at lower midlatitudes
results in an overall minor PK,, and thus EKE, changes at low
CO, levels (once integrating over all wavenumbers). At high
CO, levels, on the other hand, the reduction in PK at shorter
scales overcomes the increase at longer scales, resulting in the
overall weakening of EKE at lower midlatitudes. Thus, the non-
linear response of the EKE to CO, forcing (i.e., the intensifica-
tion at lower and poleward shift at higher CO, concentrations)
is due to the scale-dependent response of PK, at lower mid-
latitudes. Additionally, we note that our PK, equation includes
a boundary term [V(u} ¢})] which we have not discussed.
However, as one can see from Fig. A11b, that boundary term
(which accounts for the energy transfer in and out of the
latitudinal band) has a negligible impact on PK, (Fig. Alla),
so that the energy transfer across latitudinal bands does not
contribute to the scale-dependent response. Last, the scale-
dependent PK, response in the lower midlatitudes may stem
from the fact that in the preindustrial run, PK, contributes to
EKE, reduction at longer scales and to EKE; increase at
shorter scales (Fig. A7).

The important role of PK; for the EKE, response suggests
that baroclinic instability, which leads to the formation of
transient midlatitude waves, likely plays a crucial role in the
scale-dependent response of EKE;. We thus next examine
the changes in the Eady growth rate in these sets of simula-
tions since it encapsulates the extraction of potential energy
from the mean flow to the eddies and has been found by pre-
vious studies to adequately capture the EKE changes (Yin
2005; O’Gorman 2010; Lehmann et al. 2014; Wu et al. 2011).
The Eady growth rate is defined as o « [(0T/dy)/N], where
aT/dy is the zonal-mean meridional temperature gradient and
N? = [(g/6)(00/07)] is the static stability. First, we note that the
Eady growth rate integrated over the troposphere (between
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FIG. 4. Components of the EKE; budget for the abrupt-CO, forcing experiments from
Eq. (3): (a),(b) the conversion of eddy available potential energy to EKE (PKy); (c),(d) the
transfer of kinetic energy between the waves and the zonal mean flow (EM,); (e),(f) the energy
transfer between different waves (EE,); and (g),(h) the dissipation processes (F%). The solid lines
represent higher midlatitudes, while the dotted lines indicate lower midlatitudes (defined in Fig. 3).
The data from the (left) CESM-LE model and (right) GISS-E2.1-G model. The response is multi-
plied by the zonal wavenumber to ensure the preservation of the integral on the logarithmic x axis,
and a 3-point running mean is applied for plotting purposes. PI values are shown in Fig. A7.
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FIG. 5. (a)-(c) Correlation between PK; and lower and upper Eady growth rate from 2X to 8XCO, in the abrupt experiments.
(d)—(f) Correlation between PK; and the components governing the Eady growth rate: the meridional temperature gradient 97/0y and
the inverse of static stability 1/N. (a),(d) Higher midlatitudes and (b),(c),(e),(f) lower midlatitudes. (b),(e) The longer waves (wavenumber 2)

at lower midlatitudes; and (c),(f) shorter waves (wavenumber 7).

250 hPa to the surface) is unable to fully capture the changes
in EKE with CO; levels. For example, in CESM-LE, the ver-
tically integrated Eady growth rate does not exhibit the same
uniform changes as EKE (Fig. A8b). Similarly, the GISS-
E2.1-G model (Fig. A8a) shows opposite behavior between
the vertically integrated Eady growth rate and EKE at lower
and higher midlatitudes. This suggests that the complex dy-
namics driving the scale-dependent response of EKE may not
be adequately captured by the integrated vertical structure
of the baroclinicity. Thus, given the opposite changes in
upper- and lower-level baroclinicity (Harvey et al. 2014), we
next examine the upper-level (integrated from 250 to 500 hPa)
and lower-level (integrated from 500 hPa to the surface) Eady
growth rate separately.

First, we find a high correlation (r > 0.86) between the PK,
intensification at higher midlatitudes (estimated at zonal
wavenumber 5, where the maximum PK, response occurs)
and upper-level changes in the Eady growth rate across the
CO, experiments (Fig. 5a; cf. Figs. A9 and A10 for the corre-
lation plots). In contrast, the PK, intensification negatively
correlates (r < —0.85) with lower Eady growth rate changes,
i.e., the increase in PKj, is correlated with a decrease in lower-
level baroclinicity, and thus, physically, lower-level changes
could not explain the PK changes. These findings are consis-
tent with previous studies that have established a link between
the upper-level baroclinicity increase and EKE intensification
at higher midlatitudes (Harvey et al. 2014; Yuval and Kaspi
2020).

Second, the PKj, intensification at lower midlatitudes over
longer scales also seems to be linked to upper-level changes
in baroclinicity; the PK intensification (at wavenumber 2,

Brought to you by PRINCETON UNIVERSITY LIBRARY | Unauthenticated | Downloaded 09/20/24 03:25 PM UTC

where most of the intensification occurs) is highly correlated
(r > 0.97) with upper-level changes in Eady growth rate across
the CO, experiments, but negatively correlated (r < —0.96)
with lower-level Eady growth rate changes (Fig. 5b). The reduc-
tion in PK, at lower midlatitudes over shorter scales is associ-
ated with lower-level changes in Eady growth rate, as the two
fields are highly positively correlated (r > 0.96); the PK;, reduc-
tion (at wavenumber 7, where most of the reduction occurs) is
also negatively correlated with upper-level Eady growth rate
changes (Fig. 5c). This suggests that the opposing behaviors in
shorter and longer waves originate from the contrasting re-
sponses in low and high tropospheric Eady growth rates.
Further decomposition of the Eady growth rate into its dif-
ferent components reveals that the intensification at higher
midlatitudes is linked to both the decrease in static stability
(increase in 1/N) and increase in the upper-tropospheric me-
ridional temperature gradient (Figs. 5d—f, correlation scatter-
plots in Fig. A10). Similar results were found for the projected
PK changes by the end of this century (Chemke and Ming
2020). In the lower midlatitudes, the PK, intensification for
longer waves (wavenumber 2) is accompanied by the increase
in the upper-tropospheric meridional temperature gradient
(Fig. Se), while the PK, decrease at shorter waves (wavenum-
ber 7) is negatively correlated with the upper-level changes in
meridional temperature gradient. This opposite behavior of
large and small waves could stem from their different vertical
extents. Specifically, Riviére (2011) showed that an increase in
upper-level baroclinicity acts to increase the mean available
potential energy. As a result, large waves, which have a
large vertical extent, could extract more potential energy
and become stronger. In contrast, short waves, which have
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FIG. 6. Changes in the Eady growth components relative to PI values (%) for the abrupt-CO, forcing experiments:
meridional temperature gradients (97/0y) in the upper (black) and lower (gray) troposphere and inverse of static
stability (1/N) in the higher (full green) and lower midlatitudes (dotted green). (a) The CESM-LE and (b) the

GISS-E2.1-G model.

small vertical extent, become more stable since an increase
in upper-level baroclinicity also increases the vertical dis-
tance between levels of opposite meridional potential vor-
ticity gradients.

In addition to the above effect, the PK, decrease at shorter
waves in the lower midlatitudes is associated with the increase
in static stability and the weakening of the lower-tropospheric
temperature gradient (Fig. 5f). The lower-tropospheric gra-
dient is expected to weaken, and the static stability is ex-
pected to increase in the lower midlatitudes in a warmer
world, reducing atmospheric baroclinicity and EKE (Lim and
Simmonds 2009; Harvey et al. 2014). Our results suggest that
the opposite PK, responses at lower and higher midlatitudes
at high CO, values are linked to the contrasting responses in
lower- and upper-tropospheric meridional temperature gra-
dients and in lower and higher midlatitudes static stability.
We note that while the changes in meridional temperature
gradients are of the same sign across the midlatitudes, the po-
sition of the lower and higher midlatitude EKE within these
gradients is different, which could result in different impacts
of the baroclinicity of the storms.

We next analyze the evolution of the different Eady growth
rate components as a function of CO, values (Fig. 6). Static
stability in the higher (full green) and lower midlatitudes
(dotted green) monotonically increases and decreases the
baroclinicity, respectively, at most CO, levels. In the upper
troposphere (black), aT/dy is positive and grows as CO,
concentrations increase. Near the surface (gray), at low CO,
values of 2X and 3XCO,, the 9T/)y response shows a very
small weakening (Fig. 6a) or even strengthening (Fig. 6b), but
at high CO, values, 8T /9y robustly weakens. As a result, the
increase in EKE at higher midlatitudes occurs at low and high
CO;, levels, while the decrease in EKE at lower midlatitudes
occurs at higher CO, levels once after the near-surface dT/9y
becomes more negative, and the static stability increases, and
thus are strong enough to eliminate the scale-dependent re-
sponse of the waves. The opposing responses of the lower-
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and upper-tropospheric meridional temperature gradient,
with a strengthening aloft and reduction near the surface, and
the increase and decrease in static stability at lower and
higher midlatitudes, respectively, are evident in the zonal air
temperature plots in both models (Fig. 7). The near-surface
warming in the higher midlatitudes is less pronounced at
2XCO, (Figs. 7a,b) than at higher CO, values such as
4XCO, (Figs. 7c,d) and 8XCO, (Figs. 7e.f). Similar results
are evident in the time evolution of the abrupt experiments,
which further confirm the correlations found in Fig. 5. Spe-
cifically, the high-latitude EKE somewhat follows the fast
evolution of the upper-tropospheric temperature changes,
while the low-latitude EKE closely follows the slower lower-
tropospheric changes (Fig. A2).

The reduced effect of the lower meridional temperature
gradient at low CO, levels, in comparison to the large effect
of the upper-level meridional temperature gradient, was also
noted by Harvey et al. (2014) in the twenty-first-century
projection scenarios. They demonstrated a strong correla-
tion between the temperature gradients and storm tracks.
In the higher midlatitudes, they found an EKE increase while
the upper meridional temperature gradient strengthened. In
the lower midlatitudes, Harvey et al. (2014) reported a minor
increase in EKE coinciding with a minor strengthening of the
meridional temperature gradient. These findings agree with
the results of our study, which clarifies the “delayed” impact
of the lower meridional temperature gradient at high CO,
levels, particularly when polar amplification becomes prominent
in the Southern Hemisphere.

Last, we wish to highlight that the air temperature re-
sponse in the extended emissions scenarios (Fig. 8) closely
mirrors the one in our idealized CO, experiments. By 2100
(Figs. 8c,d), we notice faster warming in the upper tropo-
sphere in the lower midlatitudes compared to the higher mid-
latitudes, inducing strengthening of the upper-tropospheric
meridional temperature gradient that acts to strengthen the
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FIG. 7. SH winter (JJA) air temperature response in (a),(b) 2XCO; (c),(d) 4XCO,; and (e),(f) 8XCO; for the last
50 years of the abrupt-CO; runs. The data from the (left) CESM-LE model and (right) GISS-E2.1-G model.

baroclinicity and EKE across all latitudes. The lower-tropospheric
temperature gradient weakens, reducing EKE in lower midlat-
itudes, though the effect is minor compared to the weakening
seen by 2200 (Figs. 8e,f) at a higher 7.4XCO, level. By 2300
(Figs. 8g,h), the lower-tropospheric gradient weakens even
more, leading to a greater EKE reduction in lower midlati-
tudes. In addition, the static stability in all scenarios increases
and decreases at lower and higher midlatitudes, respectively.
This confirms that the temperature gradient mechanism in the
idealized CO, experiments is also operative in the extended
emission scenarios.
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4. Discussion and conclusions

We have examined the behavior of Southern Hemisphere
winter storm tracks through the analysis of eddy kinetic en-
ergy (EKE) during June-July-August (JJA) under high-CO,
experiments using 1) the extended RCP8.5 and SSP5-8.5
scenarios and 2) experiments with two Earth system models with
abrupt- and transient-CO, experiments. While previous studies
using CMIP5 and CMIP6 models have generally reported an
overall intensification of EKE in the Southern Hemisphere
winter, our findings reveal a nonlinear response to increasing



5364

CMIP5 (RCP8.5)
a) year 2000 (1.3xCOy)

10

pressure (hPa)
=

1000

10

2501

pressure (hPa)
§

-
(S
fel

1000 -

pressure (hPa)

pressure (hPa)

c) year 2100 (4xCO,

—60

latitude

year 2300 (7.6xCO,

—40

—20

JOURNAL OF CLIMATE

CMIP6 (SSP5-8.5)
b) year 2000 (1.3xCO,)

d) year 2100 (4xCOy)

h) year 2300 (7.6 xCO,

—60 —40
latitude

VOLUME 37

12

FI1G. 8. Multimodel mean SH winter air temperature response in extended (left) RCP8.5 and (right) SSP5-8.5
scenarios up to (a),(b) year 2000; (c),(d) year 2100 with approximate 4XCO,; (e),(f) year 2200 with 7.4XCO,;
and (g),(h) year 2300 with 7.6XCO,.

Brought to you by PRINCETON UNIVERSITY LIBRARY | Unauthenticated | Downloaded 09/20/24 03:25 PM UTC



15 OCTOBER 2024

CO,;, levels beyond 2100. Specifically, we find that at low CO,
values, EKE strengthens at higher midlatitudes and to a lesser
extent at lower midlatitudes. However, as CO, levels continue
to rise, EKE weakens at lower midlatitudes and maintains its
intensification at higher midlatitudes, thus shifting the EKE
poleward.

We attribute the nonlinear EKE response to scale-dependent
effects. At lower midlatitudes, long waves amplify while short
waves attenuate, leading to only small EKE changes. At high
CO; levels, the weakening of shorter waves outweighs the
strengthening of longer waves, resulting in a decrease in
EKE in the lower midlatitudes. By analyzing the spectral
EKE budget, we have identified the conversion of eddy avail-
able potential energy to EKE (PK) as the primary driver of
this scale-dependent response.

Further decomposition of the baroclinicity reveals that the
nonlinear EKE response in the lower midlatitudes stems from
the “tug of war” between the upper- and lower-tropospheric
meridional temperature gradients, which have competing ef-
fects on the baroclinicity of the atmospheric flow, especially at
large scales. A similar tug of war has been explored in the lit-
erature (O’Gorman 2010; Barnes and Polvani 2015; Vallis
et al. 2015; Shaw et al. 2016) in the context of increasing CO,
concentrations, but we here have shown its importance in ex-
plaining the nonlinear response at very high CO, values.

Last, the nonlinear response of EKE is somewhat different
in the transient 1pctCO, simulations compared to the abrupt-
CO, experiments. For example, in the 1pctCO2 runs, the
EKE reduction in the lower midlatitudes is of a smaller mag-
nitude compared to the one in the abrupt-CO, runs. This dis-
parity can again be attributed to the tug of war between the
response of the upper- and lower-tropospheric meridional
temperature gradient. The lower-tropospheric temperature
gradient is delayed in the 1pctCO, run because polar ampli-
fication takes longer to manifest itself in a transient run
(compared to an abrupt run). A similar tug of war between
the lower and upper temperature gradients can also be
noted in the extended RCP8.5 and SSP5-8.5 runs between
the years 2200 and 2300. There is little change in CO, from
7.4X to 7.6 XCO,, but the EKE reduction at year 2300 is al-
most one-third higher than at 2200.

In conclusion, our findings of a nonlinear response of
the Southern Hemisphere winter storm tracks to high CO,
concentrations have important implications for time-sensitive
mitigation strategies in the highest emission scenario over the
next century. Current approaches, focusing solely on increasing
storminess, might need to be adapted. Mitigation strategies
should account for the spatial heterogeneity of storm track
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activity, with some regions experiencing reduced storminess in
a warmer world while the higher midlatitudes are expected to
undergo increased storm track activity.
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Supplementary Figures

Figures A1-All are supplementary figures to the main text.
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FIG. A10. Correlation between potential to kinetic energy conversion (PK;) and upper (black) and lower (gray)
meridional temperature gradient 97 /0y and the inverse of static stability 1/N. (a),(b) Higher midlatitudes, with longer
waves (wavenumber 2) at lower midlatitudes shown in (c¢) and (d) and shorter waves (wavenumber 7) at lower mid-
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values are expressed as a percentage change from the 1XCO, values, while PKy is presented as a difference from the
1XCO, values. The 1/N term is integrated from 250 hPa to the surface. The correlation coefficient (r value) is
provided.
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FIG. A11. Decomposition of the (a) PK, equation [Eq. (4) ] into the boundary term (b) V(u} ¢}) and (c) u}’ - V(¢}).
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