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Abstract

This thesis advances our understanding of midlatitude storm tracks and how they
respond to perturbations in the climate system. The midlatitude storm tracks are
regions of maximal turbulent kinetic energy in the atmosphere. Through them, the
bulk of the atmospheric transport of energy, water vapor, and angular momentum
occurs in midlatitudes. Therefore, they are important regulators of climate, con-
trolling basic features such as the distribution of surface temperatures, precipitation,
and winds in midlatitudes. Storm tracks are robustly projected to shift poleward
in global-warming simulations with current climate models. Yet the reasons for this
shift have remained unclear. Here we show that this shift occurs even in extremely
idealized (but still three-dimensional) simulations of dry atmospheres. We use these
simulations to develop an understanding of the processes responsible for the shift and
develop a conceptual model that accounts for it.

We demonstrate that changes in the convective static stability in the deep tropics
alone can drive remote shifts in the midlatitude storm tracks. Through simulations
with a dry idealized general circulation model (GCM), midlatitude storm tracks are
shown to be located where the mean available potential energy (MAPE, a measure

of the potential energy available to be converted into kinetic energy) is maximal.
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As the climate varies, even if only driven by tropical static stability changes, the
MAPE maximum shifts primarily because of shifts of the maximum of near-surface
meridional temperature gradients. The temperature gradients shift in response to
changes in the width of the tropical Hadley circulation, whose width is affected by
the tropical static stability. Storm tracks generally shift in tandem with shifts of the
subtropical terminus of the Hadley circulation.

We develop a one-dimensional diffusive energy-balance model that links changes
in the Hadley circulation to midlatitude temperature gradients and so to the storm
tracks. It is the first conceptual model to incorporate a dynamical coupling between
the tropical Hadley circulation and midlatitude turbulent energy transport. Numer-
ical and analytical solutions of the model elucidate the circumstances of when and
how the storm tracks shift in tandem with the terminus of the Hadley circulation.
They illustrate how an increase of only the convective static stability in the deep
tropics can lead to an expansion of the Hadley circulation and a poleward shift of
storm tracks.

The simulations with the idealized GCM and the conceptual energy-balance model
demonstrate a clear link between Hadley circulation dynamics and midlatitude storm
track position. With the help of the hierarchy of models presented in this thesis, we
obtain a closed theory of storm track shifts in dry climates. The relevance of this

theory for more realistic moist climates is discussed.
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Thesis summary

In this thesis, we insert ourselves into the debate on the mechanisms that control
shifts in midlatitude storm tracks as the climate changes. In chapter 1, we define
storm tracks and give some background, which places our interest in storm track
shifts into context.

In chapter 2, we present results of several climate change simulations using an
idealized dry general circulation model (GCM). We quantify the degree to which
large-scale dry processes account for the observed and simulated shifts in the storm
tracks as the climate changes. Further, we demonstrate that changes in convective
stability in the deep tropics alone can drive remote shifts in the storm tracks. The
work in this chapter was published in the Journal of Climate!.

In chapter 3, we use mean available potential energy (MAPE) to focus our inves-
tigation of storm track shifts. Through simulations with the dry GCM, midlatitude
storm tracks are shown to be located where MAPE, a measure of the potential energy
available to be converted into kinetic energy, is maximal. As the climate varies, shifts
in the MAPE maximum occur primarily because of shifts in near-surface meridional

temperature gradients. Hence, investigating shifts in near-surface temperature gradi-

'Mbengue, C. O., and T. Schneider, 2013: Storm track shifts under climate change: what
can be learned from large-scale dry dynamics. Journal of Climate, 26, 9923-9930.
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ents helps simplify and focuses our investigation of storm track shifts. This chapter
culminates in the hypothesis that expansions of the Hadley cell, through its effect on
midlatitude near-surface meridional temperature gradients, shift storm tracks pole-
ward. The work in chapter 3 is being prepared for submission to the Journal of the
Atmospheric Sciences?.

In chapter 4, we develop and use a simple conceptual model to test our hypothesis
that expansions of the Hadley cell shift storm tracks poleward. We propose a simple
mechanism of storm track shifts that is largely consistent with observations and prior
work. We demonstrate a clear link between Hadley circulation dynamics and storm
track position. We show that expansions of the Hadley cell, induced, for example, by
increases in tropical static stability, can shift the storm tracks poleward. Thus, with
the aid of a hierarchy of models, we obtain a closed theory of storm track shifts in dry
climates. The work in this chapter is being prepared for submission to the Journal of

the Atmospheric Sciences®.

2Mbengue, C. O., and T. Schneider, 2015: Toward a mechanistic understanding of storm
track shifts using local measures of mean available potential energy. In prep.

3Mbengue, C. O., and T. Schneider, 2015: Linking Hadley circulation and storm tracks
in an energy-balance model. In prep.



Chapter 1

Introduction

1.1 Storm track response to climate change

The midlatitude storm tracks establish the day-to-day weather over vast regions of
the Earth’s surface. Any change in their location will have far reaching impacts.
Precipitation distributions could change, as could the distribution of severe weather
associated with the storm tracks. As the climate changes, the storm tracks will
change, whether or not the changes are human induced or a function of internal
variability.

There is growing observational (Bender et al., 2012) and strong modeling (Yin,
2005; Bengtsson et al., 2006; Tsushima et al., 2006; Schneider et al., 2010; Swart
and Fyfe, 2012; Barnes and Polvani, 2013) evidence that the storm tracks will shift
poleward as the climate warms. On the modeling side, Yin (2005) demonstrates the
poleward shift of storm tracks seen in an ensemble of 15 of the GCMs used for the
Intergovernmental Panel on Climate Change (IPCC) fourth assessment report; but,
the dynamical mechanisms responsible for this shift remain unclear.

Another, albeit less robust, response of the storm tracks to warming is a reduction
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in the frequency of cyclones, but an increase in their intensity (Geng and Sugi, 2003;

O’Gorman, 2010; Chang, 2013).

1.1.1 Existing theories on storm track shifts

Since Yin (2005) documented the consistent poleward shift of storm tracks in 20045,
there has been an eruption of proposals for mechanisms to explain the observed and
simulated shifts in the storm tracks. Yin (2005) offered the partial explanation that
shifts in maximum baroclinicity, and thus the storm tracks, are dominated by shifts
in the meridional temperature gradient, which shifts the storm tracks. He did this
by decomposing a measure for storm track activity known as the Eady growth rate,
I =0.31¢g (N T)49,T|, where N = /g 6-1 0,0 is a measure of stability called
the Brunt-Vaiséla frequency, into its components. This explanation is incomplete
since it offered no mechanism for the shifts in the meridional temperature gradients
themselves.

Interestingly, another study (Lu et al., 2010) used a different measure to study the
storm tracks; the potential vorticity (PV = V- F, where F = —u/v' j+ f o v k),
and concluded that shifts in the subtropical and midlatitude stability dominate the
shifts of the storm tracks—as opposed to the meridional temperature gradients.

Several studies suggest that the strength and location of anomalous sea surface
temperatures and sea surface temperature gradients are responsible for shifts in the
storm tracks (Brayshaw et al., 2008). This perspective argues that shifts in the storm

tracks follow shifts in the surface baroclinicity without explaining how or why the
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shifts in surface temperature gradients would occur in a warming world in the first
place; thus, it is more of an association than a mechanism.

Lorenz and DeWeaver (2007) noted that poleward shifts in the storm tracks are
accompanied by a rise in the height of the tropopause and suggested that the rising
tropopause caused the shift in the storm tracks. However, the mechanism by which
this was done was not offered, and one counterexample occurs during El Nino when
tropical warming leads to an increase in the tropopause height, but storm tracks
migrate equatorward (Seager et al., 2003; Tandon et al., 2012; Adam et al., 2014).

A large segment of the storm track community subscribes to a top-down control
perspective on the midlatitude storm tracks (even though the mass of the atmosphere
is an exponentially decreasing function of height). Changes in the near-surface baro-
clinicity are, in this view, coupled to the upper troposphere through the thermal
wind relation, which relates temperature gradients to the vertical shear of the flow.
They suggest that changes in the upper troposphere and lower stratosphere modify
wave propagation characteristics and thus lead to storm track shifts (e.g., Kushner
and Polvani, 2004; Chen and Held, 2007; Chen et al., 2008; Butler et al., 2010). For
example, Chen et al. (2007); Chen and Held (2007) use reanalysis data and a GCM
to show that increases in eddy phase speeds are associated with a poleward shift of
the storm tracks. They suggest that an increase in the phase speed limits the merid-
ional propagating distance of the waves, since waves will break at the latitude where
their phase speed equals the background flow speed, i.e., their critical latitude. These

breaking waves decelerate the flow and reduce baroclinicity below. The net effect is
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to push the baroclinic zones poleward. Nonetheless, the authors admit that they are
unable to establish cause and effect, that is, whether the storm track shift causes an
increase in phase speed or vice-versa.

Most of these critical-line arguments rely on the aforementioned mechanism. For
example Kidston et al. (2010) show that changes in the eddy length scale can shift
the storm tracks. But this rests on a change in phase speed that accompanies the
change in wavelength. The most modern perspective shows that the reflecting level
for waves may also be important for shifting the storm tracks (Lorenz, 2014).

The above-mentioned mechanisms are not mutually exclusive and some of them
act simultaneously, making it difficult to establish cause and effect. Nonetheless,
we believe that insights into storm track shifts can be obtained by approaching this

problem using a hierarchy of models.

1.2 Observed storm tracks

1.2.1 Modes of meridional energy transport

To facilitate an adequate description of the midlatitude storm tracks, some context is
first required. Total specific energy relevant to atmospheric fluid dynamics is defined
as,

E=c, T+gz+2 (W +v*+w))+ Ly, (1.1)

where the terms on the right hand side are, respectively, sensible heat, potential
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energy, kinetic energy, and latent energy (all symbols in Eqn. 1.1 are standard; L
is the latent heat of vaporization and ¢ is the specific humidity). Understanding
the evolution of the various modes of £ is central to understanding the weather we
experience, and climate in general.

Radiant fluxes incident on a spherical planet from the Sun result in an exter-
nally forced meridional temperature gradient on Earth. Earth receives more solar
radiation, per unit area, at the equator than at the poles, in the annual mean. The
meridional profile of emitted radiation and surface fluxes imply a net poleward en-
ergy transport from regions of net radiative surplus, in the tropics, to those of net
deficit, in polar regions (Peixoto and Oort, 1992). The decomposed total meridional
energy transport equation, Eqn. 1.2, shows some possible physically relevant modes
of meridional energy transport. Respectively, they are the transport by the zonal-
mean meridional overturning circulation, the transient eddy transports, the stationary
eddy transports, and the transport associated with transient asymmetric eddies [see
(Peixoto and Oort, 1992, Chpt. 4) for a discussion of analysis of variance in the cli-
mate dynamics context|. Hence, some combination of them is required to accomplish

the needed poleward energy transport.

o 0T = o [0] [T] + co o [I7 + ¢ [7° T7] + ¢ 0" T, (1.2)

where (-) represents a temporal average and (-)’ represents a deviation therefrom; and
[(+)] represents an average along a latitude circle and (-)* is a deviation therefrom.

The spherical shape of the Earth combined with its rotation about its axis im-
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plies that a meridional angular momentum gradient exists. Assuming solid body
rotation, a global maximum in angular momentum exists at the equator, where the
moment arm is the longest. Considering the observed distribution of surface winds,
neglecting how that distribution came about, then the region of westerlies observed
in midlatitudes, spinning faster than the solid Earth, loses momentum to the Earth,
while the tropics and, to a lesser extent, the polar latitudes gain momentum. This
configuration requires meridional transport of angular momentum from regions of net
surplus (largely the tropics) to regions of net deficit (the midlatitudes) [see Peixoto
and Oort (1992); Held (2000); Holton (2004) for a detailed discussion of angular mo-
mentum balance and its implications|. The decomposed total meridional momentum
transport, Eqn. 1.3, shows some possible physically relevant modes of mean merid-
ional momentum transport. The modes of momentum transport are analogous to the

modes of energy transport.

[uv] = [u] ] + [u] o] + [@* T*] + [u* v"*] (1.3)

Over a sufficiently long timescale, precipitation minus evaporation in a given lati-
tude band must be balanced by the net flux out of it. There is an observed moisture
surplus in the deep tropics (associated with the Inter-Tropical Convergence Zone,
ITCZ) and in the polar regions. A moisture deficit exists in the subtropics and mid-
latitudes Peixoto and Oort (1992). An analogous water vapor transport equation is

given by,



[ q] = [v] [qg] + [v] [q) + [0" @] + [v™* ¢"]. (1.4)

These modes of meridional transport reduce the strong gradients that would oth-
erwise have developed. In essence, they help define the weather we experience and,
by extension, the climate. They are observed to have different domains of efficient
operation (see Peixoto and Oort, 1992). For example, mean meridional transport is
most effective in the tropics and is associated with the Hadley circulation. Thus,
understanding how they change when the climate changes is important for under-
standing the associated response of several atmospheric phenomena. Next, we touch

on an important concept for synoptic scale dynamics: baroclinic instability.

1.2.2 Baroclinic instability

Assume an air parcel is at an equilibrium point, then it is said to be advectively
stable if a displacement from this point results in restoring forces that accelerate it
back to that equilibrium point, it is unstable if it experiences a force that accelerates
it away from that equilibrium point, and it is neutrally stable if it experiences no
forces at all and remains at the new position to which it was displaced. Different
forms of instability observed in Earth’s atmosphere include convective, slantwise, and
symmetric instabilities (Rogers and Yau, 1989; Peixoto and Oort, 1992).

The atmosphere has been shown to be baroclinically unstable (see Charney, 1947;
Eady, 1949). This is a form of slantwise instability in which isentropic slopes (Eqn. 1.5)

are steeper than the slope of a parcel’s displacement; hence, the displaced parcel is
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accelerated away from its origin. Accordingly, if the isentropic slope is shallower than
the parcel’s displacement slope, then the parcel is baroclinically stable, and neutral
otherwise (Rogers and Yau, 1989; Peixoto and Oort, 1992). Thus, the degree of

baroclinic instability is strongly determined by the slopes of isentropes,

&
|

~l
Il

(1.5)

S
)

where 0 is potential temperature!, and y is the meridional coordinate and p, which is
pressure, is the vertical coordinate. It is easy to see from Eqn. 1.5 why the meridional
temperature gradient, 9,0, and the static stability, 9,0, are central to the debate on
storm track dynamics, i.e., they are components of important quantities related to
the generation of synoptic cyclones, which comprise the storm tracks.

We are now in a position to define storm tracks.

1.2.3 Midlatitude storm tracks: the phenomenon

The midlatitude storm tracks are best described as regions of enhanced turbulent en-
ergy, moisture, and momentum transport. They are observed as areas of the highest
density of extratropical cyclone and anticyclone activity. Cyclones are cold core sys-
tems, which should be differentiated from the warm core tropical cyclones, although
it is possible for tropical warm-core cyclones (hurricanes/typhoons) to transition to

extratropical cyclones.

K
Pref

IThe potential temperature, § = T ( " )
brought, adiabatically, to a reference pressure, usually 1000 hPa.

, is the temperature that a parcel would have were it
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The storm tracks occur in localized regions in the Northern Hemisphere, and are
more uniformly distributed in the Southern Hemisphere, around 50° latitude. In the
Northern Hemisphere, the storm tracks are confined to the northern Pacific, the north
Atlantic, and, to a lesser extent, the Mediterranean sea (Chang et al., 2002).

Generally, storm tracks occur in strongly baroclinic regions. On a zonally sym-
metric planet, that would simply be the latitude of strongest meridional temperature
gradients, or, through thermal wind balance, of strongest vertical shear. Earth is not
zonally symmetric and storm track location is complicated by this—they are more
localized. Nonetheless, the question of the localized position of the storm tracks, es-
pecially as observed in the Northern Hemisphere, becomes tractable if it is separated
into the following parts: storm track genesis, storm track maintenance, and storm

track destruction.

1.2.3.1 Storm track genesis

Storm tracks form in strongly baroclinic regions. These regions are referred to as the
entrance region of the storm tracks and are marked by strong temperature gradients
and vertical shear. Strongly sheared flow on a rotating sphere is baroclinically unsta-
ble, as a linear stability analysis will show (Charney, 1947; Eady, 1949). Disturbances
in these regions of strong baroclinicity will grow by converting available potential en-
ergy into turbulent/eddy kinetic energy (Lorenz, 1955; Phillips, 1956; Orlanski and
Katzfey, 1991; Chang et al., 2002).

In the Northern Hemisphere, the genesis regions of the localized storm tracks

are on the east coasts of Asia and of North America. There, especially during the
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most baroclinically unstable season (winter time) the land-sea thermal contrast (aided
by warm tropical currents) create regions of enhanced baroclinicity. Topographic
features, like the Rocky mountain range, play a role as sources for disturbances. These
disturbances are then amplified over the strong baroclinic regions. In Earth’s southern
hemisphere, ocean currents, the tips of continents in the Southern Hemisphere and
regions of persistent convection, such as the South Pacific Convergence Zone (SPCZ)
all provide potential sources of disturbances for baroclinic growth (Chang et al., 2002;
Brayshaw et al., 2009, 2011).

Once the storm track disturbances are formed and grow, it is important to consider

how they are maintained.

1.2.3.2 Storm track maintenance

An interesting conundrum exists with the storm tracks: if the storm tracks exist to
transport energy from regions of net surplus to those of net deficit, thereby smooth-
ing out gradients and destroying the very source of their existence, why do they
persist (especially since the degree of energy transport increases with the degree of
baroclinicity).

One answer is that the restorative timescale is shorter than the eddy transport
timescale. This may be true for large-scale temperature gradients and may apply in
the Southern Hemisphere, but proves an unsatisfactory explanation for the localized
storm tracks in the Northern Hemisphere. A plausible explanation for the persistence
of the localized storm tracks in the Northern Hemisphere is the spatial offset of the

region of maximum baroclinicity and maximum turbulent transport (Hoskins and
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Valdes, 1990), i.e., disturbances grow at the site of maximum baroclinicity but are
advected downstream before attaining their maximum dissipative capacity. Modern
ideas suggest that there is also a temporal offset between maximum baroclinicity and
maximum eddy transport (Ambaum and Novak, 2014). This likens the storm tracks
to a non-linear oscillator.

Stationary eddies have also been found to play a role in storm track maintenance
by enhancing baroclinicity near the source region. This occurs inside one half Rossby
wavelength downstream of the storm track entrance region (Kaspi and Schneider,
2013).

Hoskins and Valdes (1990) argue that diabatic heating near the storm track en-
trance region plays a role in its maintenance.

Other arguments suggest that disturbances may circumnavigate the globe and not
only grow again in the baroclinic region, but also provide energy for other disturbances

to grow (Chang et al., 2002).

1.2.3.3 Storm track destruction

The localized nature of the storm tracks in the Northern Hemisphere suggests that
some mechanism exists to terminate it and defines a storm track exit region. The
observed kinetic energy budget shows that friction and barotropic conversion of eddy
kinetic energy into mean kinetic energy play a role in terminating the storm tracks
(Orlanski and Katzfey, 1991; Chang et al., 2002). Modern ideas posit that stationary
eddies, excited by zonal asymmetries in the vicinity of the storm tracks, interact

with transient eddies along the storm tracks and act to terminate them at distance
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controlled by the Rossby wavelength scale. They do this by reducing temperature
gradients and enhancing static stability in the exit region of the storm tracks (Kaspi

and Schneider, 2011, 2013).

1.2.4 Storm tracks variability

The midlatitude storm tracks are dynamic components of the general circulation.
They have been observed to vary robustly on seasonal and inter-annual timescales.

During the annual cycle, the Northern Hemisphere storm tracks are observed to
migrate equatorward during the winter (Chang et al., 2002). This occurs in both
the Atlantic and the Pacific basins. In addition, the intensity of the storm tracks is
observed to attain a minimum in turbulent energy transport during the winter, when
the hemisphere is least baroclinically stable (Nakamura, 1992). This puzzle of the
midwinter minimum remains an area of active research.

On inter-annual timescales, the storm tracks are observed to respond to and feed-
back on modes of inter-annual variability. Storm tracks are observed to migrate
equatorward and downstream during El Nino events. During La Nina, on the other

hand, they are observed to migrate poleward and upstream. (Chang et al., 2002).

1.3 Thesis structure

Storm track research can divided into three broad areas:

1. Understanding the observed structure of midlatitude storm tracks. This in-

cludes questions on the genesis, maintenance, localization of storm tracks and
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on the dynamics of the individual cyclones and anticyclones of which the storm

tracks are comprised.

2. Understanding the observed trends and variability of the storm tracks.

3. Storm track response to perturbations in climate.

Storm track researchers use many different ways to identify the storm tracks.
These include low pressure centers (Wallace et al., 1988; Fyfe, 2003), surface vorticity
(Hoskins and Hodges, 2002), geopotential (Chang et al., 2002), and bandpass filtered
turbulent fields (Blackmon, 1976; Blackmon et al., 1977; Hoskins and Valdes, 1990;
Yin, 2005; Kaspi and Schneider, 2011)—the filtering period is usually 2-7 days to
capture synoptic waves (Hartmann, 1974). Here, we identify the midlatitude storm
tracks using zonal and temporal averages of eddy kinetic energy (EKE).

In this thesis, we insert ourselves into the debate on the mechanisms that control
shifts in the midlatitude storm tracks with changing climate. In the next chapter,
we approach the question of storm track shifts from a simplified framework, using an
idealized dry GCM. We show that storm tracks shift poleward in dry climates, and
that the shift can be caused by changes in deep tropical stability. In chapter 3, we
demonstrate that mean available potential energy, MAPE, scales and collocates with
eddy kinetic energy—our storm track proxy. Using this finding, we decompose MAPE
to establish the quantities that dominate the shifts in the storm tracks. Chapter 4
presents a conceptual energy-balance model that is used interactively with the GCM
to establish the relationship between the tandem shifting storm tracks and the Hadley

circulation. A conclusion then follows in chapter 5.
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Chapter 2

Quantifying the role of large-scale
dry processes in storm track shifts

2.1 Introduction

The cyclones and anticyclones that carry out the bulk of the heat, moisture, and
momentum transport in Earth’s extratropical atmosphere are concentrated in storm
tracks: regions of enhanced eddy kinetic energy in midlatitudes (Blackmon, 1976;
Blackmon et al., 1977). Storm tracks are found in the Northern Hemisphere primar-
ily over the Atlantic and Pacific Oceans; in the Southern Hemisphere, they are more
zonally uniform. In both hemispheres, the storm tracks, identified as regions of en-
hanced eddy kinetic energy, are currently centered around 50° latitude. There is clear
modeling evidence that storm tracks shift poleward as the climate warms globally, on
average by about 2° under a doubling of carbon dioxide concentrations (Yin, 2005;
Bengtsson et al., 2006; Swart and Fyfe, 2012; Barnes and Polvani, 2013). It is unclear,
however, what dynamical processes are responsible for this poleward shift.
Numerous mechanisms driving a poleward shift of storm tracks have been pro-

posed. One group of studies posits that low-level baroclinicity controls where storm
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tracks are located and that changes in it drive storm track shifts. For example, Yin
(2005) suggests that a change in the meridional temperature gradients is responsible
for a poleward shift of the maximum of a baroclinicity measure, implying a concomi-
tant shift of storm tracks. By contrast, Lu et al. (2010) hold that an increase in the
subtropical and midlatitude static stability is responsible for a poleward shift of the
maximum of a similar baroclinicity measure and hence for a poleward shift of storm
tracks. Furthermore, Brayshaw et al. (2008) posit that the strength and location
of anomalous SST gradients relative to the location of the subtropical jet drive the
poleward shift of storm tracks, while Butler et al. (2010, 2011) emphasize the role
of tropical heating in modifying the low-level baroclinicity and storm track position.
Another group of studies posits that changes in the upper troposphere and lower
stratosphere modify wave propagation characteristics and thus lead to storm track
shifts (e.g., Kushner and Polvani, 2004; Chen and Held, 2007; Lorenz and DeWeaver,
2007; Chen et al., 2008; Butler et al., 2010). Yet others suggest that increasing eddy
length scales under global warming may play a role in storm track shifts (Kidston
et al., 2010; Riviere, 2011).

These mechanisms are not mutually exclusive, and several of them may act si-
multaneously. Our goal in this chapter is to disentangle distinct dynamical pro-
cesses that may act jointly in global-warming scenarios. For example, increased mean
surface temperatures generally lead to a higher tropopause (Held, 1982; Schneider,
2007), to increased lower-level static stability through increased latent heat release in

phase changes of water, both in the tropics and extratropics (e.g., Xu and Emanuel,
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1989; Emanuel, 2007; Schneider and O’Gorman, 2008), and typically to reduced pole-

equator near-surface temperature contrasts through increased poleward latent heat
transport (Pierrehumbert, 2002; Caballero and Langen, 2005; O’Gorman and Schnei-
der, 2008a; Cabellero and Hanley, 2012). The presence of moisture in the atmosphere
thus links surface temperature changes to static stability changes and to temperature-
gradient changes, which have distinct dynamical effects. To separate such effects, and
to demonstrate that at least part of the poleward shift of storm tracks can be un-
derstood irrespective of how large-scale dynamics affect latent heat release, we study
the storm track response to various idealized climate changes in a dry GCM, similar
to those used by Kushner and Polvani (2004), Chen and Held (2007), and Butler
et al. (2010). In the GCM, we vary the mean surface temperatures separately from
an adjustable but constant convective stability, which controls the tropical static
stability but has a less direct effect on the extratropical static stability (Schneider
and Walker, 2006; Schneider and O’Gorman, 2008). This allows us to more clearly

separate tropical from extratropical mechanisms driving storm track shifts.

2.2 Idealized dry GCM and simulations

We conduct a series of simulations over a wide range of climates using the idealized dry
GCM described in detail in Schneider (2004) and Schneider and Walker (2006). Here,
we give a brief overview of some aspects of the GCM pertinent to this study. The
GCM uses the dry dynamical core of GFDL’s Flexible Modeling System and solves the

primitive equations in a spherical shell using a spectral transform method, triangularly
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truncated at 85 wave numbers. This truncation gives a horizontal resolution of about

1.5°. There are 30 vertical levels, and the vertical coordinate is o, where o = p/pgurs.

2.2.1 Mass conservation

The mass conservation equation solved in the GCM is given by,
1
Ops = —/ V - ps v do, (2.1)
0
where p; is the surface pressure, and the divergence operator acts in the horizontal.

2.2.2 Momentum equations

In spherical coordinates, the momentum equations solved by the GCM are,

Du u v tan(p) P o Oy PONDs

Dt Jot a a cos(p) + ps a cos(p) Cp ox(o) [[vI[ u (2:2)
Dv u? tan(p) 0,2 o 9,P0,ps

Ft__fu_ - . + b —Cp on(o) ||V|| v (2.3)
% RT/o (2.4)
do

where (u,v) are the velocity components in latitude (A) and in longitude (¢), respec-
tively; a is the radius of the Earth, and ® = g z is geopotential. C'p is a specified drag
coefficient, ||v|| = Vu2 +v2, and oy = (0 — 03)/(1 — 03,) ensures that the drag acts
below the level ¢ = o;,. The latter equation results from using the hydrostatic ap-
proximation. This is justified by the small aspect ratio of the domain (NOAA/GFDL,

cited 2015).
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2.2.3 Radiative transfer
A Newtonian relaxation scheme represents radiative transfer and surface fluxes in
an idealized way. Temperatures are relaxed to a radiative-equilibrium profile on a
timescale of 7 days near the surface in low latitudes and 50 days in the rest of the

atmosphere. The radiative-equilibrium temperature at the surface is given by
e a3 1 202
Ts (¢) = Ts + Ah g — Sl ¢ ) (25)

where ¢ is latitude, Ay, is the pole-equator thermal contrast, and TZ is the mean near-
surface temperature in radiative equilibrium. The radiative-equilibrium temperature

away from the surface is given by

7 (0.0 = 15 |1+ do(0) (2 )] " (2.6)

Po

where

b= (BOY .

is a latitude-dependent optical thickness that depends on the near-surface radiative-
equilibrium temperature 7€ (¢). The optical depth is chosen so that the radiative-
equilibrium temperature Ty at the top of the atmosphere is constant. In this study, it
is set to 7Y = 200 K in all simulations; that is, we assume a fixed longwave emission
temperature, as the longwave emission temperature for a gray atmosphere is propor-

tional to the temperature at the top of the atmosphere (Schneider, 2007). The ratio,



21

a, of the pressure scale height to the partial pressure scale height of the dominant
infrared absorber controls the radiative-equilibrium lapse rate [see Schneider (2004)
for a discussion of the role of optical thickness and « in this GCM]. The pole-equator
thermal contrast, Ay, which is prescribed in the GCM, is set to 120 K, which is chosen

to ensure sufficient (Earth-like) macroturbulence in midlatitudes.

2.2.4 Thermodynamic equation

Given the radiative forcing, the GCM solves the following thermodynamic equation,

+ = =7 (p,0) (T = T°(9,0)) (2.8)

where

7 (p,0) = E + ( L 1) max (O M’) cos®(¢). (2.9)

)
T Trop T 1—o0

771 represents the radiative time scale that is a function of height and latitude.
(@ represents any other diabatic source, like frictional heating. Finally, the GCM’s
system of equations is closed with ideal gas law, o p;, = p R T (NOAA/GFDL, cited

2015).

2.2.5 Dry convection

We use standard Earth values for physical parameters. There are no continents

in the GCM, and moisture effects, such as latent heat release and transport, are
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neglected!. The radiative-equilibrium profile of the dry GCM is unstable to thermal
convection. The ensuing convection is represented by a quasi-equilibrium scheme,
which relaxes temperatures in an atmospheric column toward a convective lapse rate
given by vI'y, whenever the column is less stable than one with this convective lapse.
Here, I'y = g¢/c, is the dry adiabatic lapse rate, and < is a rescaling parameter,
which is inversely proportional to the local degree of stability. Decreasing ~ increases
the stability of the atmosphere, mimicking some of the effects of latent heat release
in moist convection, except that the constant v is an adjustable model parameter
that does not depend, for example, on temperature (Schneider, 2004; Schneider and
Walker, 2006). The convection scheme essentially sets the lapse rate in the tropics;
it does not control but can influence the lapse rate in the extratropics, particularly

in weakly baroclinic climates or when the rescaling parameter ~ is small (Schneider

and Walker, 2006; Schneider and O’Gorman, 2008).

2.2.6 Simulation parameters

In this study, we vary the rescaling parameter v to study the effect of the convective
lapse rate on storm track position. To disentangle the effect of convective lapse rate
changes that are global from those that are confined to the tropics, we consider two
scenarios: (i) We use a constant rescaling parameter 7 globally and vary that. (ii)
We use an equatorial rescaling parameter v, within 10° of the equator and an off-
equatorial parameter 7, outside this equatorial band, and we set v, = 1 and vary

vYe. Fig. 2.1 shows the partitioning of the planet. The second scenario resembles in

!Nonetheless, the GCM includes the effect of the mass of water vapor on the dynamics.
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Figure 2.1: The idealized dry GCM is forced in a unique way, as shown in the
schematic. Deep tropical and extratropical stability are varied independent of one
another. Between the black bands v = 7.4, while outside, v = ¢,

some aspects the tropical heating simulations of Butler et al. (2010), but here we do
not provide an additional enthalpy source to the tropical atmosphere, which would
directly modify meridional temperature gradients.

Our goal is to investigate the mechanisms that may contribute to the poleward
shift of storm tracks under global warming. Surface temperature increases have a
number of consequences, among them an increase in the height of the tropopause
if lapse rates remain fixed or decrease [see Held (1982) or, for a review, Schneider
(2007)]. To study such effects separately, we perform two sets of simulations. In the
first set, we vary the mean radiative-equilibrium surface temperature from T, = 270 K
to 365 K in increments of 5 K, implying an increasing optical thickness (3) in radiative
equilibrium, as the temperature at the top of the atmosphere, 77, is kept fixed. [While
absolute temperatures do not affect dry dynamics, increasing the surface temperature

in radiative equilibrium increases, for example, the tropopause height because the
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Table 2.1: Simulation parameters (surface temperature ranges are incremented by
5 K and convective lapse rate ranges are incremented by 0.2 K km™1).

Surface Tropical Extratropical

Convection temperature convective lapse convective lapse
scenario (K) rate (K km™')  rate (K km™!)
Yo = 0.7, 270-365 6.9 6.9

Yo = 0.7
Ye = 0.7, 270-365 6.9 9.8

o =1
Yo =1, 270-365 9.8 6.9

Yo = 0.7
Ye = 1, 270-365 9.8 9.8

Vo =1
v, variable, 340 6.0-9.8 9.8

Yo =1
v, variable, 340 6.0-9.8 6.0-9.8

v, variable

temperature at the top of the atmosphere T¢ is kept fixed.] We perform this set
of simulations for fixed convective lapse rates that are either globally constant or
that assume different values near the equator and away from it (see Table 2.1), with
the lower convective rescaling parameter v = 0.7 roughly giving present-day moist-
adiabatic convective lapse rates. In the second set of simulations, we keep the mean
radiative-equilibrium surface temperature fixed (T, = 340 K) and vary the convective
lapse rate by varying the rescaling parameter in increments of 0.03, either globally
or varying it only near the equator while keeping 7, = 1 fixed (see Table 2.1). All
simulations are spun up for two years, after which flow variables are sampled four

times daily over a further two years and are then temporally and zonally averaged.
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2.3 Simulation results

Figures 2.2 and 2.3 show a sample of the simulated climates at the extremes of the sce-
narios investigated. It is apparent from the figures that the tropopause height and the
subtropical jet speed increase with increasing mean radiative-equilibrium temperature
and increasing convective stability, as expected from radiative equilibrium considera-
tions (Schneider, 2007) and thermal wind shear extending over a deeper troposphere.
The maximum of the eddy momentum flux convergence migrates poleward and up-
ward. The Hadley cell strengthens with increasing radiative-equilibrium temperature,
but it weakens with increasing convective stability. The shallow recirculation in the
streamfunction seen in Figs. 2.2¢, d and 2.3c results from flow separation induced by
an adverse pressure gradient caused by the change in the convective lapse rate across
10° latitude (reversal of the near-surface meridional temperature gradient); however,
our results are unaffected.

Table 2.2 (upper block of rows) and Fig. 2.4 show how the storm track location (as
determined by the latitude of maximum barotropic EKE) responds to mean radiative-
equilibrium temperature changes. The storm tracks migrate poleward with increasing
radiative-equilibrium temperature in all convection scenarios; the magnitude of the
poleward migration increases as the convective stability increases. These findings are
qualitatively similar to those we obtain using other proxies for storm tracks, including
extrema of the mean surface westerlies and of eddy heat fluxes (cf. Fig. 2.2). It is
interesting that all storm track proxies studied migrate poleward in the statically

neutral convection scenario: 7. = 1 and 7, = 1. This shows that changes in moist
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Figure 2.2: Sample of simulated climates as the mean radiative-equilibrium sur-
face temperature is varied. (left column) Mean zonal wind (black contours with
interval 8ms™!), eddy momentum flux divergence (filled contours with interval
17 x 107%ms™2; yellow is positive), and tropopause (thick red line, WMO criterion).
(right column) Potential temperature (black contours with interval 15K), mass flux
streamfunction (blue contours with interval 30 x 10°kgs™!). (a) Coldest climate with
v = 0.7 globally. (b) Warmest climate with v = 0.7 globally. (c¢) Coldest climate with
Ye = 0.7 and 7, = 1. (d) Warmest climate with 7, = 0.7 and 7, = 1. Comparing
panels (a) with (b) and (¢) with (d) shows the response to mean radiative-equilibrium
temperature changes. The circles show the location of the storm tracks as indicated
by extrema in barotropic eddy kinetic energy (red), meridional eddy potential tem-
perature flux (green), vertical heat flux (cyan), and surface westerlies (black).
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Figure 2.3: Sample of simulated climates as the convective stability is varied. (a, b)
Most stable and least stable climates with variable 7, and v, = 1. (c¢) Most stable
climate with globally uniform convective stability, v = 0.6. Plotting conventions as
in Fig. 2.2 except that the contour interval of eddy momentum flux divergence is now
18 x 107®ms™2. Compare panels (a) with (b) for the response to global convective

stability changes and (b) with (c¢) for the response to tropical convective stability
changes.

processes are not a prerequisite for poleward migration of storm tracks. Dry dynamics
can explain part of the storm track response to warming. It also shows that a fraction
of the poleward migration of the storm tracks is independent of convective stability

variations.

Figures 2.4 and 2.5 show the responses of barotropic EKE to increasing tropical
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Table 2.2: Storm track response to variations in mean radiative-equilibrium tempera-
ture (upper block of rows) and to convective stability (lower block of rows). Columns
from left to right show the convection scenario, the latitude of the storm tracks in
the coldest/least stable climate, the latitude of the storm tracks in the warmest/most
stable climate, the total storm track migration (degrees latitude) over the climate
range, and the maximum latitudinal storm track excursion (the difference between
the maximum and minimum latitudes reached by the storm tracks).

Convection Coldest Warmest Least Most Migration Maximum

scenario stable stable excursion

Ye = 0.7, 36° 50° — — 14° 14°
Yo = 0.7

Yo = 0.7, 34° 47° — — 13° 14°
Ve =1

Yo =1, 37° 46° — — 9° 9°
Yo = 0.7

Ve =1, 33° 42° — — 9° 9°
Yo =1

v, variable, — — 41° 46° 6° 6°
Ve = 1

v, variable, — — 41° 50° 10° 11°

v, variable

and global convective stability, respectively. The results show that the storm tracks
generally migrate poleward with increasing global and tropical convective stability.
On the interval 0.8 < v, < 0.9, the storm track migration is essentially the same (a
linear regression showing about 2° poleward per 1 Kkm™!) whether or not the extra-
tropical convective stability (7,) is varied along with the tropical convective stability
(7e). For 7. < 0.8 (which include Earth-like climates), the poleward migration is
enhanced by a further 1° per 1 Kkm™? if , is varied simultaneously with ., showing

the increasing influence of convection on the extratropical static stability and the

storm track response (Schneider and Walker, 2006; Schneider and O’Gorman, 2008).
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Figure 2.4: Barotropic eddy kinetic energy as a function of latitude plotted across
climates with increasing mean surface temperature in radiative equilibrium. The
convection scenario is stated above each plot. Here, 7. is the convective stability
rescaling parameter within £10° of the equator; v, is the value outside of this latitude
band. The white dots show the EKE maxima, each marking the storm track location
in the respective climate. The thick white dashed line shows the terminus of the
Hadley cell, defined as the latitude at which the Eulerian mass streamfunction changes
sign at the altitude where it achieves its extremum.
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Figure 2.5: This figure is similar to Fig. 2.4, but showing storm track response to
convective stability variations.
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2.4 Discussion and synthesis

Changes in the height of the tropopause have been cited as a primary cause of the
poleward migration of storm tracks (Williams, 2006; Lorenz and DeWeaver, 2007). We
also find that increasing the radiative-equilibrium temperature leads to a rise in the
height of the tropopause and a poleward migration of storm tracks (see also Schneider
2004). It is likely that the rising tropopause facilitates the dynamics necessary for a
poleward migration of storm tracks, but the causality is not obvious. Furthermore,
counterexamples exist; for example, during El Nino events (narrow tropical heat-
ing), the tropopause height increases while the storm tracks move equatorward. In
this situation, tropical temperature gradient changes dominate over stability changes,
leading to an equatorward shift of the jets and a contraction of the Hadley circulation
(Seager et al., 2003; Tandon et al., 2012).

Previous studies have shown a dependence of storm track response on storm track
latitude (Kidston and Gerber, 2010; Garfinkel et al., 2012). This result is qualitatively
reproduced in our simulations varying convective stability (Fig. 2.5) and varying
radiative-equilibrium temperatures (top right panel of Fig. 2.4): the storm track’s
poleward migration levels off at the highest latitudes. Additionally, storm tracks
shift little as the convective stability is varied for v = 0.9; the reasons for this are
unclear. Nevertheless, we suspect that this is because the distance between synoptic
eddies and the Hadley cell is too large for the storm tracks to feel the effect of the
expanding Hadley cell.

All simulations show that the Hadley circulation widens as the storm tracks mi-
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grate poleward (Fig. 2.4 and 2.5)—a correlation noted previously by Kang and Polvani
(2011) and Ceppi and Hartmann (2013). But Fig. 2.5 shows more particularly that
storm tracks migrate in tandem with the Hadley cell terminus when varying only the
tropical convective stability; however, the migration is less parallel when the con-
vective stability is varied globally. Nonetheless, this suggests that the Hadley cell is
responsible for communicating the variations in tropical convective stability to the
storm tracks in the midlatitudes. The role of the tropical convective stability in elicit-
ing a response in the midlatitude storm tracks has not been previously identified. This
result complements the results found by Butler et al. (2010). It also raises questions
about the mechanisms facilitating the requisite tropical-extratropical interactions.

Using our simulations, we estimate the individual contributions of changes in mean
radiative-equilibrium temperature and tropospheric stability to the storm track re-
sponse in a scenario similar to doubling CO, concentration on Earth. To do so, we
assume a 287 K radiative-equilibrium temperature with v, = 0.7 and v = 1 as the
initial Earth-like conditions. Then, we assume a canonical 3 K global-mean temper-
ature increase when COs is doubled. The mean temperature sensitivity is obtained
from the bottom left panel of Fig. 2.4 as the difference between the storm track lat-
itudes ¢ (290 K) and ¢ (287 K). We use cubic spline interpolation to infer a 0.3°
poleward migration for the 3-K mean temperature change.

The saturation vapor pressure is an exponential function of temperature, as shown
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in the Clausius-Clapeyron relation,

des L
dT T (a, — o)’

(2.10)

where e, is the saturation vapor pressure and «, and «a; are the specific volumes of
water vapor and liquid water, respectively (Hartmann, 1994). This equation can be
manipulated to show that,
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(2.11)

where ¢* & 0.622¢,/p is the saturation mixing ratio (Peixoto and Oort, 1992) and R,
is the gas constant for water vapor. The moist adiabatic lapse rate can be computed

using (Hartmann, 1994),

1

dW’
1""3 dT

r,=T (2.12)

where I'y = g/c, is the dry adiabatic lapse rate.

Sensitivity to changes in tropospheric stability requires the change in v with a
doubling of CO,. We use the Clausius-Clapeyron relation (Eqn. 2.10) to find the
saturation vapor pressure and mixing ratio at a reference pressure (1000 mb) and
calculate the moist adiabatic lapse rate (Eqn. 2.12) change going from 287 K to 290 K.
This gives a 0.3-Kkm™! decrease in lapse rate, or a 0.03 decrease in 7. Finally, we
obtain the shift from the left panel of Fig. 2.5 as the difference between the storm track
latitudes ¢ (7. = 0.67,7% = 1) and ¢ (7. = 0.7,7, = 1). This yields a 0.5° poleward

migration due to tropical convective stability changes. To first order, we assume that
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the two responses are additive; thus, our dry framework predicts a 0.8° poleward
migration of the storm tracks under COs doubling. This is less than what is found
in studies with more comprehensive GCMs, but it is of the same order of magnitude
(Yin, 2005; Tsushima et al., 2006; Schneider et al., 2010; Barnes and Polvani, 2013).
The discrepancy is likely due to the linearity assumption made here, the neglect of
extratropical static stability changes associated with global warming, or the many
feedbacks associated with global warming in moist atmospheres. Nonetheless, if we
consider the jet shifts reported in Barnes and Polvani (2013) using CMIP5 simulations,
our dry model accounts for 40% of the shift in the storm tracks seen in the southern
hemisphere, and for 80% percent of that in the northern hemisphere. The shift
associated with tropical stability changes is found to be % greater than the shift
associated with mean temperature changes. This suggests that tropical stability

changes are as, if not more, important.

2.5 Conclusion

We have presented a study that decouples mean temperature effects from convec-
tive stability effects, and tropical effects from extratropical ones. We used an ideal-
ized framework to investigate the storm tracks’ response to changes in the radiative-
equilibrium temperature and in the global and tropical convective stability—each
varied independently. The storm tracks are found to generally migrate poleward with
increasing radiative-equilibrium temperature and with increasing convective stability,

even in the absence of moisture effects and with fixed pole-equator thermal contrast
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in radiative equilibrium. Moreover, the storm tracks migrate poleward as the climate
warms in the statically neutral scenario, meaning that dry dynamics may explain
part of the storm track migration seen in moist models. Indeed, when our results are
translated to what they imply for a moist framework, we found that the change in
mean temperature alone accounts for roughly one third of the storm tracks’ poleward
migration, while convective stability changes (i.e., changes in the moist adiabatic
lapse rate) account for the rest. Tropical convective stability has a surprisingly large
effect on the storm tracks, suggesting that tropical-extratropical interactions are im-
portant. It begs the question of how varying the convective stability in a 10° zonal
band around the equator leads to a poleward migration of the midlatitude storm
tracks. One possibility is through the Hadley circulation, which was shown to expand

in tandem with the storm tracks in many (but not all) of the simulations.
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2.6 Appendix

2.6.1 Idealized dry GCM

The details of the GCM detailed in this chapter are derived from the GCM documen-
tation (NOAA/GFDL, cited 2015), the GCM code itself, and from Schneider (2004);

Schneider and Walker (2006).

2.6.1.1 Dry convection

A quasi-equilibrium dry convection scheme relaxes temperatures in an atmospheric
column to a specified, but constant, lapse rate, I'cony = 7['q. If a parcel raised from
the surface has convective available potential energy relative to the convective lapse
rate I'q, its convective available potential energy is relaxed to zero within a specified

timescale Teony, Which is 4 hrs in this study.

2.6.1.2 Time stepping

The GCM uses a standard semi-implicit leap-frog method combined with a Robert-
Asselin-Williams (RAW) filter. The RAW filter corrects for spurious non-physical
modes that manifest from the leap-frog method. It does this by reducing the curvature
of the three values used during the time-stepping procedure (Robert, 1966; Asselin,

1972; Williams, 2009).
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2.6.1.3 Sub-grid scale dissipation

Within the fixed planetary boundary layer (surface up to o = 0.84), there is verti-
cal diffusion of momentum and dry static energy, M = ¢, T'+ g z, with a turbulent
Prandtl number of one and default roughness of 5cm (Smagorinsky et al., 1965). The
diffusivity is computed using the Mellor-Yamada 2.5 level turbulence closure (Mellor
and Yamada, 1982). Quadratic drag is used to represent boundary layer friction. In
the remainder of the atmosphere, horizontal hyper-diffusion, V¥, acts to dissipate

momentum and energy at the smallest resolved scales (Schneider and Walker, 2006).

2.6.1.4 Boundary conditions

The boundary conditions of the GCM consist of momentum and buoyancy fluxes at
the surface and zero flux at the top of the atmosphere. Monin-Obukov similarity
theory provides the drag coefficients to compute surface drag and surface buoyancy

fluxes using bulk aerodynamic formulae.

2.6.1.5 GCM validation

This GCM has been used in numerous published works including many cited in this

thesis.
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Chapter 3

Toward a mechanistic
understanding of storm track shifts
using local measures of mean
available potential energy (M APE)

3.1 Introduction

Midlatitude storm tracks respond in various ways to perturbations in the climate
system: changes in the frequency and intensity of the cyclones and anticyclones of
which they comprise (Geng and Sugi, 2003; O’Gorman, 2010; Chang, 2013), and
changes in the latitudinal position. The mechanisms controlling storm track shifts
with changes in climate are of particular interest, since a hierarchy of models show a
robust poleward shift in storm tracks as the climate warms (Fyfe, 2003; Yin, 2005;
Bengtsson et al., 2006; Tsushima et al., 2006; Schneider et al., 2010; Swart and Fyfe,
2012; Bender et al., 2012; Barnes and Polvani, 2013; Mbengue and Schneider, 2013).
Several theories have been suggested (Kushner and Polvani, 2004; Yin, 2005; Chen

and Held, 2007; Lorenz and DeWeaver, 2007; Chen et al., 2008; Lu et al., 2010; Butler
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et al., 2010; Kidston et al., 2010; Riviere, 2011; Butler et al., 2011; Lorenz, 2014), the

most recent of which highlights the importance of wave-reflecting level dynamics on
shifting maxima in eddy-momentum flux convergence zones. Here, the authors use
Rossby-wave chromatography in a linearized barotropic model to show how changes in
upper-tropospheric wave characteristics can modify eddy-momentum flux convergence
distributions, which may shift storm tracks (Lorenz, 2014). Nonetheless, to date, a
generally accepted theory of storm track shifts remains elusive. In this study, we build
upon the work of Mbengue and Schneider (2013) (henceforth referred to as MS13),
in which a simple dry idealized framework is used to isolate quantities believed to be
important drivers of storm track response to changes in climate.

Using the same simulations as in MS13, we employ the concept of mean available
potential energy (MAPE) to explore and help explain the storm track shifts seen in
this idealized dry context. Differential large-scale radiative forcing generates available
potential energy, which can be decomposed into mean and eddy available potential
energy (EAPE) (these are discussed in more detail later in this chapter). Midlatitude
eddies then convert this available potential energy into eddy kinetic energy (EKE),
primarily through baroclinic instability (Charney, 1947; Phillips, 1956; Orlanski and
Katzfey, 1991; Chang et al., 2002). Thus, there is a physical (and well established) link
between available potential energy and EKE. Further, prior studies have shown that
bulk measures of MAPE and of EKE scale linearly when averaged over a baroclinic
zone (Schneider and Walker, 2006, 2008). This is significant because it suggests

that changes in MAPE may help dictate the changes in the magnitude of EKE.
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Indeed, Lorenz (1955) thought it reasonable to expect large increases in MAPE to be
accompanied by large increases in kinetic energy in midlatitudes, given the geostrophic
nature of the flow. Furthermore, this linear scaling allows a simple relationship for
EKE, a turbulent quantity, to be obtained in terms of MAPE, a mean-flow quantity,
within the baroclinic region. This is very useful for deriving turbulent closures and
developing simple predictive models. We extend this and test the hypothesis that
zonal and temporal averages of local MAPE and of local EKE also scale linearly along
the storm tracks, as they shift with climate; and that their maxima are approximately
collocated in space. This extension would suggest that changes in the position of the
maximum of MAPE help determine the changes in the position of the maximum of
EKE.

MS13’s simulations show tandem shifts of the Hadley cell terminus and the storm
tracks, in agreement with the results of Kang and Polvani (2011) and Ceppi and
Hartmann (2013). Hadley cell expansion with warming is another robust response
of models and of observations (Hu and Fu, 2007; Seidel and Randel, 2007; Lu et al.,
2007; Seidel et al., 2008; Korty and Schneider, 2008; Adam et al., 2014; Levine and
Schneider, 2015); although the Hadley cell contracts under warming confined to the
tropics, e.g., El Nino (Seager et al., 2003; Tandon et al., 2012; Adam et al., 2014).

The first part of this chapter gives a brief overview of the methods and simulations
used in this study, explaining how we identify storm tracks and the idea of using
MAPE to understand storm track response to perturbations in climate. This is

followed by an analysis of simulation results, and by a discussion and synthesis of
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our key findings.

3.2 Methods and simulations

3.2.1 Idealized dry general circulation model

We build upon the work of MS13 and use an idealized dry general circulation model
(GCM). This model contains no hydrological cycle or topography and thus allows
us to test theories on storm tracks in an environment within which changes in mean
temperature are decoupled from changes in stability. Otherwise, changes in mean
temperature are coupled to changes in stability through moist dynamics and latent
heat release (Xu and Emanuel, 1989; Emanuel, 2007; Schneider and O’Gorman, 2008).
Further, this idealized dry GCM, despite its simplicity, not only captures many salient
features of the observed general circulation, but also many of the observed responses
to warming: a poleward shift of storm tracks (Bender et al., 2012), a rise in the
height of the tropopause (Santer et al., 2003), and an expansion of the Hadley cell,
with increasing mean temperature or decreasing midlatitude meridional temperature
gradients (Hu and Fu, 2007; Adam et al., 2014).

The GCM is set up and forced in the same way as in MS13 (we use the simulation
output from MS13 in our analysis); a detailed description of the model can be found in
Chapter 2, Schneider (2004) and Schneider and Walker (2006). Radiative and surface
fluxes in the model are parameterized using Newtonian relaxation toward a radiative-

equilibrium profile. Example climates produced by this model are described in MS13.
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The horizontal resolution of the model is about 1.5°, with 30 vertical sigma levels.
A quasi-equilibrium dry convection scheme relaxes temperatures in an atmospheric
column to a specified, but constant, lapse rate, ['cony = 7I'q. If a parcel raised from
the surface has convective available potential energy relative to the convective lapse
rate I'q, its convective available potential energy is relaxed to zero within a specified
timescale Teony, which is 4 hrs in this study. Within the fixed planetary boundary layer
(surface up to o = 0.84), there is vertical diffusion of momentum and dry static energy,
M = ¢, T + g z. In the remainder of the atmosphere, horizontal hyper-diffusion acts
to dissipate momentum and energy at the smallest resolved scales.

Although this GCM has been used in several studies on storm track and related
questions (Kushner and Polvani, 2004; Chen and Held, 2007; Butler et al., 2010), in
this study, as in MS13, it is forced in a unique way. The model domain is partitioned
into a deep tropical (7.) and extratropical (7x) zone, each with its own independently
varied convective lapse rate. In this study, we analyze the simulations conducted
by MS13, in which storm track response to mean radiative-equilibrium temperature
changes and to global and deep tropical convective stability changes is described (see
Table 1 in MS13 for a list of the variables and their values in the six simulated
convection scenarios).

Of course, the results found herein are strictly applicable to planets with dry
atmospheres. Uncertainty remains about how moist dynamics will affect the re-
sults. Nonetheless, dry atmospheres represent a good starting point to theorize about

Earth’s atmosphere. Indeed, much progress has been made by extending dry theories
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to moist atmospheres.

3.2.2 Midlatitude storm tracks

To theorize about midlatitude storm tracks requires a way of identifying them in ide-
alized simulations. Several proxies have been used in the literature to reason about
storm tracks, see Chang et al. (2002) for a review. For example, band-pass filtered
eddy fields represent a good storm track proxy, when taking a synoptic view of storm
tracks (Blackmon, 1976; Blackmon et al., 1977; Hoskins and Valdes, 1990). Synop-
tic feature tracking (Murray and Simmonds, 1991; Hoskins and Hodges, 2002) also
continues to be used. Band-pass filtered eddy fields are also useful for investigating
storm track climatology and its response to climate change (Yin, 2005).

In this study, we are interested in storm track response on climatological time
scales and identify storm tracks with the maxima of the zonal and temporal averages
of EKE! (Eqn. 3.2). That is, we identify storm tracks from averages of many synoptic
systems over many years. This circumvents the complexity of analyzing individual
synoptic systems, assuming that larger-scale dynamics control their response to per-
turbations in climate. Our results are crosschecked using alternative proxies: surface
zonal-mean zonal wind, and meridional and vertical eddy heat flux.

We define the various forms of kinetic energy used in this study: mean kinetic

energy (MKE, Eqn. 3.1), eddy kinetic energy (EKE, Eqn. 3.2), barotropic eddy kinetic

LUnless otherwise specified, () represents an arithmetic mean along a latitude circle and in time.
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energy (EKEy, Eqn. 3.3), and baroclinic eddy kinetic energy (EKEy., Eqn. 3.4).

MKE(p) = ;’; /01 (2 + ) do, (3.1)
EKE(y) — ;’; /0 (@ 1 ) do, (3.2)
EKEw, (i) = ;’; (/01 " do>2 + (/01 o da>2] , (3.3)
EKEp. () = EKE(yp) — EKEp (¢9). (3.4)

where ¢ is latitude.

Although storm tracks are three-dimensional structures within the general circu-
lation, we neglect asymmetries within a latitude circle, which are most prominent
in the Northern Hemisphere—storm tracks are more zonally localized there. MS13
take some of the vertical structure of storm tracks into account by using barotropic
EKE and demonstrating poleward storm track shifts with increasing mean radiative-
equilibrium temperature or convective stability. However, in Earth-like configura-
tions, EKE generally attains a maximum in the upper troposphere (Ait-Chaalal and
Schneider, 2015) and stratospheric dynamics could influence barotropic measures of
EKE. Hence, changes in the structure of barotropic EKE with climate could be bi-
ased toward upper-tropospheric, and in some cases, stratospheric changes, resulting
in a possible divergence from near-surface kinetic energy response. Therefore, we use
near-surface EKE to identify storm tracks.

In Fig. 3.1, we show the response of several measures of EKE to mean radiative-

equilibrium temperature variations for simulations in which the tropics are compar-
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Figure 3.1: Kinetic energy response to mean radiative-equilibrium temperature varia-
tions, shown for simulations in which the tropics are more stable than the extratropics.
(a) Baroclinic (left) and barotropic (right) EKE. (b) Integrated total EKE from the
surface to the tropopause (left) and from the surface to about ¢ = 0.6 (herein re-
ferred to as near-surface EKE; right). (c¢) Total EKE, integrated on the interval of
about o = (0.6,0.4) (left) and on the interval of about o = (0.4, 0.2) (right). In these
simulations, the structure of the response is, for the most part, unchanged; but, this
is not always the case. The following convention is used throughout this chapter: the
black dots represent the storm tracks identified as maximum near-surface EKE; the
dashed black line represents the terminus of the Hadley cell circulation; and the black
circles represent the maximum MAPE in each climate.

atively more stable than the extratropics. Indeed, for this set of simulations, all
measures of EKE exhibit the same response; thus, in this case, using barotropic EKE
to identify storm tracks gives similar results. In all figures in this chapter, the black

dots represent the storm tracks measured as maxima of near-surface EKE; the dashed
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black line represents the terminus of the Hadley cell circulation; and the black circles
represent the maximum MAPE in each climate.

The most notable examples of when barotropic and near-surface EKE give differ-
ent storm track responses come from changes in global convective stability. As the
global convective stability increases, the upper-tropospheric storm track continues its
poleward migration while the mid- and lower-tropospheric storm tracks and Hadley
cell terminus cease their poleward expansion. This vertical tilting of the storm tracks
as the climate changes is not well captured using only barotropic EKE—it follows the
upper-tropospheric response. Since we are particularly interested in how tropospheric
EKE responds to changes in climate, we use near-surface total EKE to identify storm
tracks and employ it to help build a theory on storm track response to perturbations

in climate.

3.2.3 Mean available potential energy

Mean available potential energy, in the sense described by Lorenz (1955), refers to
the energy obtained from a difference between the current state of a system and one
obtained from an adiabatic redistribution of mass, to a minimum energy state—a
horizontally stable stratification in Lorenz’s case [see Dutton and Johnson (1967) and
Tailleux (2013) for reviews of available potential energy]. In essence, it describes the
amount of potential energy available for conversion into kinetic energy and depends

on the variance of pressure on isentropic surfaces. It can be approximated by the
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variance of entropy on isobaric surfaces (Lorenz, 1955):

_ 0 ] —
A=2"ke, g7 py” / Pt <3p8) 972 ap, (3.5)

Po

where the over bars represent a global mean on an isobaric surface and the prime a
departure therefrom. EAPE is determined from departures of potential temperature

from the zonal mean (square brackets) on isobars (Lorenz, 1955):

0 1
E=2"%e, g pi" / 7 (8,8) " 7] dp. (3.6)

po

Available potential energy is generated through any perturbation away from the
minimum energy state. In Earth’s atmosphere, the main source of available potential
energy is the differential solar heating and long-wave cooling of the planet. It can
be partitioned into MAPE and EAPE [see Lorenz (1955) and Phillips (1956) for a
discussion of available energies and their generation and conversion to kinetic energy].
Midlatitude eddies can extract both eddy and mean available potential energy and
convert it to kinetic energy. This is accomplished predominantly through baroclinic
conversion in strongly baroclinic regions (APE — EKE), though barotropic conversion
(MKE — EKE) also contributes (Orlanski and Katzfey, 1991; Chang et al., 2002). A
baroclinic region on a rotating sphere is one of strong meridional temperature gradi-
ents, implying vertical shear in the velocity field. There are several sources of local

baroclinic regions, including land-sea thermal contrasts, ocean currents and general
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ocean dynamics, and storm track eddies themselves (Chang et al., 2002; Brayshaw
et al., 2009, 2011).

In his seminal work, Lorenz’ available potential energy takes on meaning within
the context of a (closed) system, i.e., the entire atmosphere. This restriction to closed
systems has been documented as one of the drawbacks of MAPE as defined by Lorenz
(Holliday and Meclntyre, 1981). [Additionally, his defined minimum energy state is
unrealizable in Earth-like configurations (Dutton and Johnson, 1967).] Nonetheless,
we expand upon Lorenz’ work and apply the concept of MAPE in a local framework,
using the approximation first derived in Schneider (1984) and later in Schneider and

Walker (2008) (see appendix):

MAPE = "

]Tt - ]TS)(LZ ay?s)g. (37)

(24 Po Fd 3p95

The idea of local measures of available potential energy is not new. Several au-
thors have come up with local adaptations to Lorenz’ bulk measure (Holliday and
MeclIntyre, 1981; Andrews, 1981; Kang and Fringer, 2010; Tailleux, 2013). In the
appendix, we describe a simple adaptation to Lorenz’ equation to obtain another
measure of local available potential energy. Eqn.