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To Ma and Bapa



"The astonishing thing about the Earth... is that it is alive... Aloft, floating free beneath
the moist, gleaming membrane of bright blue sky, is the rising Earth, the only exuberant
thing in this part of the cosmos... It has the organized, self-contained look of a live

creature, full of information, marvelously skilled in handling the sun.”

- Lewise Thomas, The Lives of a Cell
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ABSTRACT

Extratropical storm tracks are collective paths of synoptic scale (~1000 km) cyclones (anti-
cyclones) that exist in the midlatitudes of both hemispheres. Storm tracks shape the Earth’s
climate through their transport of energy, momentum and moisture. Locally, the eastward
migrating cyclones within the storm track control the weather variability. Therefore, any
changes to the storm track intensity and position or disruption in the eastward flow of ex-
tratropical cyclones will have important implications on the local and global climate. In this
thesis we use atmosphere’s energy and momentum budgets to understand how storm track
respond to various climatic perturbations.

First, we develop a moist static energy framework for zonal-mean storm track that con-
nects storm track position to external forcings like top-of-atmosphere radiation and surface
fluxes. Using reanalysis dataset, we apply the framework to storm track shifts in response to
seasonal insolation, El Nino Southern Oscillation and two hypothetical warming scenarios.
We show that net energy input in the atmosphere is not a dominant contribution for storm
track shifts across all timescales considered. The stationary eddy plays a dominant role in
the Northern Hemisphere (NH) shifts in response to seasonal insolation, El Nino minus La
Nina conditions and increased CO9 over land. The mean meridional circulation also con-
tribute to the shift in response to increased sea surface temperature during boreal winter.
In contrast, the Southern Hemisphere (SH) storm track exhibits very small changes.

Next, we use the moist static energy framework to understand why zonal-mean storm
tracks exhibit distinct hemispheric seasonality. We begin with an assumption that SH has
higher heat capacity or effectively larger mixed layer depth due to greater ocean coverage than
in the NH. We define a critical mixed layer depth d. using scaling analysis and hypothesize
that 1) large mixed layer depths (d > d.) produce surface heat fluxes that are out of phase
with shortwave absorption and 2) small mixed layer depths (d < d.) produce surface heat
fluxes that are in phase with shortwave absorption. Assuming MSE balance, storm track
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seasonality must be small for large mixed layer depth and it should be large for small mixed
layer depth. We test our hypotheses by varying the mixed layer depth in (1) a zonally
symmetric slab-ocean aquaplanet with zero ocean energy transport and (2) a 1D energy
balance model with fixed diffusivity. Our aquaplanet simulations confirm the large mixed
layer depth hypothesis and yield a useful idealization of the SH storm track. However, the
small mixed layer limit does not yield a useful idealization of the NH storm track due to
unrealistic representation of Ferrel cell and large atmospheric storage. We corroborate our
aquaplanet results with the energy balance model simulations. Overall, we establish the
causal role of surface fluxes in damping the seasonality of SH storm track.

Finally, we focus on the question, why do storm tracks exhibit atmospheric blocking? At-
mospheric blocking is a phenomena characterized by persistent meandering of the jet stream
that often disrupt the eastward migration of extratropical cyclones and anticyclones. We use
the finite-amplitude local wave activity (LWA) framework to identify signatures of traffic-jam
mechanism during block formation. Using LWA budget and a feature tracking algorithm,
we perform a careful analysis of major persistent anomalies in the jet streams during the
NH winter in reanalysis data. We show that most of the persistent anomalies occur in clus-
ters collocated with the quasi-stationary ridge over the Euro-Atlantic sector and the Pacific
sector. In the Atlantic sector, the zonal LWA flux dominates for longer timescale (up to ~20
days), whereas in the Pacific sector, both diabatic heating and zonal LWA flux are equally
important. Most persistent events are associated with stronger nonlinear modification of
large-amplitude Rossby waves. In such cases the total LWA flux is effectively suppressed. In
contrast, the short-lived anomalous events are associated with weaker nonlinear component
of LWA flux which results in ineffective flux suppression. For both persistent and short-lived
events the zonal LWA flux reaches a tipping point for spontaneous accumulation of LWA.
Overall, we show that despite substantial variations among individual events most of the

persistent events are consistent with the traffic jam mechanism.
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CHAPTER 1
INTRODUCTION

Extratropical storm tracks are one of the most prominent features of the largescale at-
mospheric circulation in the Earth’s midlatitudes (between 30° — 60° North and South)
(Held, 2019). The storm tracks act as preferential regions for the midlatitude synoptic scale
(~ 1000km) cyclones to grow, mature and decay on the 2-8 day timescale. The midlatitude
cyclones are eastward migrating transient eddies whose speed and direction are controlled
by the jet stream. In the Northern Hemisphere (NH), the storm tracks are localized over
the Pacific and Atlantic sectors and in the Southern Hemisphere (SH), they form a roughly
homogenous band over the Southern ocean (Hoskins & Hodges, 2002, 2005).

On the global scale, the storm tracks shape the Earth’s climate through their transport of
energy, momentum and moisture (Trenberth & Stepaniak, 2003a; Shaw et al., 2016). Locally,
the storm tracks control the day-to-day weather variability and lead to extreme temperature
and precipitation events (Hawcroft et al., 2012; Pfahl & Wernli, 2012). Therefore any changes
to the storm track intensity and position will have serious implications on the local and global
climate.

The most striking changes of the storm track occur in response to seasonal insolation.
During winter, storm tracks are the most active and are shifted equatorward. During sum-
mer, they are weak and shifted poleward (Trenberth & Stepaniak, 2003a). However, the
storm track seasonality is not symmetric between the two hemispheres. For example, the
zonal-mean NH storm track exhibits ~ 13° poleward shift from winter to summer and the SH
storm track exhibits < 3° shift (Barpanda & Shaw, 2017). Similar differences are observed for
storm track intensity (Shaw et al., 2018). Even though the Earth receives roughly the same
solar radiation in both hemispheres, why do storm tracks exhibit such distinct seasonality
in the NH and SH?

Previous works have attempted to address this question using thermodynamical frame-
1



works which identify storm tracks using maximum Eady growth rate (Nakamura, 1992;
Chang et al., 2002), isentropic slopes (Papritz & Spengler, 2015) or mean avalailable po-
tential energy (MAPE) (O’Gorman, 2010; Mbengue & Schneider, 2013, 2017); all of which
measure baroclinicity and are functions of mean meridional temperature gradient and static
stability (vertical temperature gradient) (O’Gorman & Schneider, 2008). The thermody-
namic frameworks thus posit that the stormtracks shift and weaken /strengthen as a result of
changes in near surface mean temperature structure (O’Gorman, 2010). However, the causal
connection between the mean temperature field and storm track is not straightforward as
they both feedback on each other (Hoskins & Valdes, 1990; Shaw et al., 2016). Additionally,
these frameworks cannot connect radiation and surface fluxes to storm track intensity which
ultimately drive changes in the storm track.

In addition to seasonal changes, storm tracks shift and weaken/strengthen in response
to climate variability and forcings like El Nino Southern Oscillation (Seager et al., 2003;
Lu et al., 2008) and increased CO9 warming (McLandress et al., 2011; Polvani et al., 2011;
Thompson et al., 2011; Lee & Feldstein, 2013; Grise et al., 2014). Previous studies attribute
these changes to competing effects from radiative changes and dynamical feedback from the
stationary circulation (Shaw et al., 2016). However, no consensus has been reached on the
processes that dominate the long-term storm track response.

On the other extreme, in synoptic timescales (few days to a week), internal dynamics of
the storm tracks play an important role in controlling the midlatitude weather. Atmospheric
blocking is one such phenomena in which the eastward migration of synoptic cyclones (an-
ticyclones) is disrupted by persistent meandering of the jet streams (Rex, 1950; Woollings
et al., 2010; Berggren et al., 1949). Such persistent events form nearly stationary anticy-
clones (cyclones) and often result in unusually high or cold temperatures in the midlatitudes
and can have catastrophic impact on the society (Demirtag, 2017).

It has long been understood that local nonlinear interaction between the high frequency



eddies and the background stationary waves play an important role for the formation and
maintenance of atmospheric blocks (Berggren et al., 1949; Green, 1977; Shutts, 1983; Colucci,
1985, 2001; Mullen, 1987; Altenhoff et al., 2008). However, what conditions precisely lead to
block formation is not well understood. The lack of a definitive theory for blocking onset and
disagreement among blocking indices has led to several uncertainties about the frequency
and distribution of atmosphere blocking in current and future climate states (Barnes et al.,
2014).

All the problems stated above are best resolved using frameworks that follow some con-
servation equations like the moist static energy (MSE) budget or the angular momentum
budget. In chapters 2 and 3 we derive a moist static energy framework that connects storm
track to top-of-atmosphere insolation. We use the MSE framework to address the ques-
tions above and test the hypotheses using reanalysis data and idealized model simulations..
In chapter 4 we examine the onset of atmospheric blocking in storm tracks using finite-
amplitude local wave-activity framework (FAWA) which is based on the angular momentum
budget. Each of the frameworks are discussed in detail in the relevant chapters. In what
follows, we provide a brief summary of each chapter.

In Chapter 2, originally published as Barpanda & Shaw (2017), we formulate an MSE
framework for storm track position and use it to understand storm track shifts in response to
seasonal insolation, El Nino minus La Nina conditions, and direct (increased CO2 over land)
and indirect (increased sea surface temperature) effects of increased COg. Two methods are
developed to quantify storm track shifts and decompose them into contributions from net
energy (energy input to the atmosphere minus atmospheric storage) and MSE transport by
the mean meridional circulation and stationary eddies. We show that net energy is not a
dominant contribution across the timescales considered. The stationary eddy contribution
dominates the storm track shift in response to seasonal insolation, El Nino minus La Nina

conditions, and COq direct effect in the Northern Hemisphere. Whereas the mean meridional



circulation contribution dominates the shift in response to CO9 indirect effect in the Northern
Hemisphere during winter and in SH during May and October. Overall, the MSE framework
shows that the seasonal storm track shift in the Northern Hemisphere is connected to the
stationary eddy MSE flux evolution. We also show that the equatorward storm track shift
in response to El Nino minus La Nina conditions during boreal winter involves a different
regime than the poleward shift in response to increased CO9 even though the tropical upper
troposphere warms in both cases.

In Chapter 3, originally published as Barpanda & Shaw (2020), we use the MSE frame-
work to explain why storm tracks exhibit hemispheric asymmetry in seasonal timescale. In
a recent study, Shaw et al. (2018) use the MSE framework diagnostically to show that while
shortwave absorption (insolation) govern the seasonal cycle of storm tracks, the surface heat
fluxes damp the seasonality in the SH but amplify it in the NH. In this thesis, we establish
the causal role of surface fluxes (ocean energy storage) by varying the mixed layer depth
(d) in zonally symmetric 1) slab-ocean aquaplanet simulations with zero ocean energy trans-
port and 2) energy balance model (EBM) simulations. Using scaling analysis we define a
critical mixed layer depth d. and hypothesize that 1) large mixed layer depths (d > d.) pro-
duce surface heat fluxes that are out of phase with shortwave absorption resulting in small
storm track seasonality and 2) small mixed layer depths (d < d.) produce surface heat fluxes
that are in phase with shortwave absorption resulting in large storm track seasonality. The
aquaplanet simulations confirm the large mixed layer depth hypothesis and yield a useful
idealization of the SH storm track. However, the small mixed layer depth hypothesis fails
to account for the large contribution of the Ferrel cell and atmospheric storage. The small
mixed layer limit does not yield a useful idealization of the NH storm track because the
seasonality of the Ferrel cell contribution is opposite to the stationary eddy contribution in
the NH. Varying the mixed layer depth in an EBM qualitatively supports the aquaplanet

results.



In chapter 4, currently in preparation, we use the wave-activity budget to evaluate if
persistent anomalies in the jet stream are formed by the traffic-jam mechanism. To that
end, we test the three foundational principles of traffic-jam theory for all regions of Northern
Hemisphere storm track. First, the column integrated LWA is driven by zonal convergence
of LWA flux. Second, the LWA threshold which is a function of background stationary
wave activity and nonlinear interaction strength, dictates the preferred locations of block
formation. Third, once the threshold LWA is exceeded total LWA flux drops precipitously due
to nonlinear modification of the flux by large amplitude waves. Consistent with Nakamura
& Huang (2018), we find that the 1 day correlation between LWA and the convergence of
zonal LWA flux is between 60-70% near the exit region of North Atlantic and North Pacific
storm track suggesting that zonal convergence of LWA drives the LWA variance in synoptic
timescales. Next, we show that the theoretically predicted LWA threshold qualitatively
matches with the empirical estimates of LWA threshold except in the entrance region of
North Pacific storm track. Using spatially varying LWA threshold and a feature-tracking
algorithm to identify all the ‘high LWA persistent events’ and find them to be clustered
in regions of maximum wave mean-flow interaction and minimum LWA threshold. All the
‘persistent events’ consistently exhibit a steep increase in the magnitude of nonlinear flux
from the onset stage to the peak stage. This suggests the important role of Rossby-wave
breaking in suppressing the total LWA flux and eventual jamming of large amplitude waves.
However, the efficiency of flux suppression decreases with the decrease in persistence. Overall,
we show that the most persistent events are good candidates of atmospheric blocks formed
by traffic-jam mechanism.

Finally, in chapter 5, we summarize our results and conclude. Some of the notation is
inconsistent between chapters 3 and 4. We chose to keep this notation in order to maintain

consistency with the published papers.



CHAPTER 2
THE MOIST STATIC ENERGY FRAMEWORK TO
UNDERSTAND STORM TRACK SHIFTS ACROSS A RANGE
OF TIMESCALES

2.1 Introduction

Storm tracks dominate the extratropical circulation. They play a fundamental role in Earth’s
energy budget through their poleward energy flux, which alleviates the energy imbalance be-
tween the equator and the pole (Trenberth & Stepaniak, 2003a; Shaw et al., 2016). In energy
budget decompositions, storm track energy flux is isolated as transient eddy meridional moist
static energy (MSE) flux with eddies defined as deviations from a monthly average (Peixoto
& Oort, 1992; Trenberth & Stepaniak, 2003a). While there exist many climate-based defini-
tions of storm tracks, including regions of maximum transient eddy surface pressure variance
and transient eddy kinetic energy (Chang et al., 2002), here we focus on transient eddy MSE
flux and define storm track position as the extremum of area-weighted transient eddy MSE
flux (zero flux divergence).

Storm tracks shift meridionally in response to forcing across a range of timescales. Sea-
sonally the storm track shifts meridionally in the Northern Hemisphere (NH) but very little
in the Southern Hemisphere (SH) (see Fig. 6 in Trenberth & Stepaniak, 2003a). Interan-
nually, storm tracks shift equatorward in response to El Nino minus La Nina conditions
(Seager et al., 2003; Lu et al., 2008). On decadal timescales, ozone depletion shifts the SH
storm track poleward (McLandress et al., 2011; Polvani et al., 2011; Thompson et al., 2011;
Lee & Feldstein, 2013; Grise et al., 2014) whereas ozone recovery is projected to shift it
equatorward (Perlwitz et al., 2008; Son et al., 2008). Anthropogenic aerosols shift the NH
storm track equatorward during boreal winter (Ming et al., 2011). On centennial timescales

anthropogenic climate change is projected to shift storm tracks poleward (Yin, 2005; Shaw
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et al., 2016). Finally, on millennial timescales, the wintertime storm track was shifted equa-
torward relative to today during the mid-Holocene and Last Glacial Maximum (Brayshaw
et al., 2010; Li & Battisti, 2008). storm track intensity also changes in response to forcing
(e.g. Chang, 2001; O’Gorman, 2010), however here we focus on storm track shifts.

What drives storm track shifts? Previous work focused on momentum budget, potential
vorticity or eddy kinetic energy arguments. Examples include shifts due to changes in 1) Eady
growth rate (Brayshaw et al., 2008), 2) the subtropical jet (Son & Lee, 2005), 3) stratification
(Lorenz & DeWeaver, 2007; Gerber & Son, 2014), 4) critical or reflection latitudes (Seager
et al., 2003; Chen & Held, 2007; Kidston & Vallis, 2012; Lorenz, 2014), 5) eddy diffusivity
(Lu et al., 2014), and 6) available potential energy (Mbengue & Schneider, 2013, 2017).
These results represent significant advances in our understanding of storm track shifts.

A common theme amongst the shifts mentioned above is they are driven by energetic
perturbations, e.g. seasonal insolation, changes in surface fluxes or top-of-atmosphere (TOA)
radiation. An energetic framework is attractive for understanding storm track shifts because
it connects energetic perturbations to a measure of storm track position (latitude of zero
transient eddy MSE flux divergence). In the tropics, an MSE framework has been used to
understand ITCZ shifts via its connection to the energy flux equator (EFE, latitude where
MSE flux is zero in the tropics, Schneider et al., 2014). Bischoff & Schneider (2014) derived
an MSE framework for EFE shifts based on the Taylor series linearization of MSE flux about
the equator. The framework has been applied to ITCZ shifts across timescales (Adam et al.,
2016a,b) as well as to aquaplanet models with idealized perturbations (Bischoff & Schneider,
2014; Shaw et al., 2015; Bischoff & Schneider, 2016). Here we derive an MSE framework for
storm track position and use it to understand storm track shifts across a range of timescales.
We apply it to storm track shifts in response to seasonal insolation, El Nino minus La Nina
conditions and increased COg. The response to increased COg9 is decomposed into direct

(increased CO9 with fixed sea surface temperature or SST') and indirect (increased SST with



fixed CO2) contributions using an Atmospheric General Circulation Model (AGCM). Our
goal is to understand 1) why seasonal storm track shifts are larger in the NH than in SH and
2) why storm tracks shift equatorward in response to El Nino minus La Nina conditions but
poleward in response to increased CO9 even though the tropical upper troposphere warms in
both cases. The chapter is organized as follows. We derive the MSE framework and describe
the data sets in section 2. Our results for seasonal, interannual and centennial storm track

shifts are presented in section 3. The conclusions and discussion are summarized in section

4.

2.2 Energetic framework and datasets

2.2.1 Energetic framework

We investigate storm track shifts using the atmospheric MSE budget. The time, zonally

averaged and vertically integrated atmospheric MSE budget is

O{[h]) + Oy([om]) = ETA (2.1)

(Neelin & Held, 1987) where t is time, h is the thermal energy (h = ¢pT + Lg where ¢ is
the specific heat at constant pressure, T' is temperature, L is latent heat of vaporization and
q is specific humidity), m is the MSE (m = ¢yT + Lq + ® where ® is geopotential), v is the
meridional wind, = and [-] denote monthly time and zonal averages, respectively, (-) denotes
a mass-weighted vertical integration and dy () = 9y (cos @ (+))/a cos ¢ is the meridional diver-
gence in spherical coordinates where ¢ is latitude and a is the radius of Earth. The MSE
input to the atmosphere (EIA) is the difference between TOA and surface fluxes.

The MSE flux is decomposed into three contributions, i.e. ([vm]) = ([v][m])+([v*m*])+
([v'm’]) where / and * denote deviations from the time and zonal average, respectively

(Peixoto & Oort, 1992). Following the usual convention, we refer to the different contri-
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butions as mean meridional circulation (MM, ([v][m])), stationary eddy (SE, ([v*m*]))
and transient eddy (TE, ([vm’])). The dominant terms in the MSE flux are different
across the contributions. The MM flux is dominated by potential energy, i.e. ([v][®]) >
cp{[0][T]) + L([v][q]) whereas for eddies (Rossby waves) thermal energy flux dominates,
e, e)([°T"]) + L(5°7°]) > ([°8°1) and ep{[T7)) + L]} > {[787]), because they
are mostly geostrophic (Figs. Al and A2). According to the MSE flux decomposition the

atmospheric MSE budget (2.1) can be written as

FMM+FSE+FTE:(EIA—athD)EFNE (22)

where Fiy g is the net energy (difference between MSE input to the atmosphere and atmo-
spheric MSE storage), and Fyss = 9y([0][m]), Feg = 0y([v*m*]) and Frg = 9y{[v'm’])
represent the MSE flux divergence by the different circulation components.

We define storm track position as the latitude of zero transient eddy MSE flux divergence,
i.e. the latitude ¢, where Fppl| ¢, =0 and consider two methods for quantifying storm track
shifts. The first method is motivated by previous work that derived an MSE framework for
EFE shifts based on the Taylor series linearization of MSE flux about the equator (Bischoff &
Schneider, 2014). Here we consider Taylor series linearization of the transient eddy MSE flux
divergence about a reference latitude near the storm track position. The second method does
not involve a Taylor series or reference latitude. Instead, changes in MSE flux divergence at

all latitudes are added to the climatological transient eddy MSE flux divergence.

Method 1

Linearizing Frp about a reference latitude ¢, near the storm track position ¢, we have

0= FTE|¢)D N FTE'd),« + aayFTE|¢T(S (23)
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Figure 2.1: Schematic illustrating a storm track shift between two climates (red and blue)
due to the first two terms of the linearized Taylor series framework [Method 1, (2.5)]. storm
track shift Ad due to a change in the (a) transient eddy MSE flux divergence (AFpg) and
(b) slope of transient eddy MSE flux divergence (AdyFrg) at the reference latitude ¢y

where § = ¢, — ¢, such that the storm track position about a reference latitude 9§ is

1 Frgly,

5y = —~ .
a 8yFTE|¢T

(2.4)

where the subscript indicates Method 1. Hence, the position of storm track is determined
by the ratio of transient eddy MSE flux divergence and the slope of the flux divergence at the
reference latitude. The denominator is negative definite in the NH and positive definite in
the SH because the storm track represents a local maximum and minimum of area-weighted
transient eddy MSE flux, respectively. The reference latitude is chosen to ensure the accuracy
of the linearization (see Appendix C). Since the Taylor series linearization is accurate for
latitudes near the storm track position we consider reference latitudes equal to the storm
track position + 1° in 0.5° increments and show the mean and standard deviation across

that range.
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A shift of storm track position is given by

1 AF 1F A0y F 1AFE A0y F
As = L el | 1FTElg A0y FTEly, 1 AFTEl, Ay Frpls, (25)

adyFrply, a  (9yFrgls,)? a  (OyFrgls,)?

where the terms on the right-hand side represent 1) change in transient eddy MSE flux
divergence, 2) change in the slope of transient eddy MSE flux divergence and 3) nonlinear
change term. Figure 2.1 illustrates a shift of the NH storm track due to a change in the
first two terms. Increased transient eddy MSE flux divergence at the reference latitude, i.e.
AFrglg, >0, shifts the storm track poleward (Fig. 2.1a). Increased slope at the reference
latitude, i.e. AdyFrp|s, >0, also induces a poleward shift (Fig. 2.1b).

The MSE budget provides a physical interpretation of storm track shifts. According
to the MSE budget (2.2) a change in the transient eddy MSE flux divergence or slope
of transient eddy MSE flux divergence is related to changes in net energy and the flux
divergence by other circulation components, ie. AFrp = AFygp - AFy ) - AFgp and
AdyFrp = AOyFNE - AdyFyry — AdyFgg. Thus any storm track shift can be decomposed
into contributions from net energy, mean meridional circulation, stationary eddies and a
cross term (CT)

A51 = Aél,NE+A61,MM+A51,SE+A51,CT (2.6)

where

1AFNElg, N 1 Frple, A9y Fngly,
aOyFrels, @ (9,Prels,)”

N 1AFNElg, AdyFrily,
(9yFrels,)’

Ady NE=-
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LAF Mg, 1 FTElG, A0y Frnls,
A0y MM =+~ -

@ %Pralo, @ (9yFrgly,)”
N 1 AFy g, AdyFarmlg,

2.8)
2 (
¢ (9yFrEls,)
AS =t 1 AFsplg, 1 FrEle, AdyFsElg,
1,SE =+~ - =
aayFTE|¢r a (6yFTE|¢T)2
AF A, F
+ 1 SE|¢T i S;E|¢T,and (2.9)
(9 FrEls,)
by oy = 1AFNElg, A0y Faiarly, 1 AFNElg, AdyFsElg,
Lcr === 2 T 2
¢ (9yFrEly,) ¢ (9yFrel,)
_ 1AFgply, AdyFNElg, . 1AFyumlg, A0y FNElg,
P P
(9 FrEls,) ¢ (%FrEls,)
_ 1AFyMle, A9y Fsplg, N 1AFsElg, AdyFararle, (2.10)
P P :
“ (ayFTE|¢r) “ (ayFTE|¢r)

The cross term arises from simultaneous changes in the different shift contributions. The
error for Method 1, called the Taylor series linearization error below, is quantified as the

difference between the actual shift (Ad) and the Method 1 shift (Ady), e.g. Ad - Ady.

Method 2

Method 1 is based on a linearized Taylor series and may depend on the choice of reference
latitude. In order to ensure the results are independent of Taylor series linearization and

choice of reference latitude we consider a second method. Let the initial storm track position

12



be ¢y, i.e. FTE|¢O =0, and let the storm track position in response to a change of transient
eddy MSE flux divergence AFrg be ¢, i.e. (Frg+AFTE)|g,, =0 such that the storm
track shift is Adg = ¢7pp — ¢o = Ad where the subscript indicates Method 2 and the actual
shift is Ad. According to the MSE budget (2.2) any change in transient eddy MSE flux
divergence can be expressed as AFrp = AFNg - AFypy — AFgp.  Hence the shift can
once again be decomposed into contributions from net energy, mean meridional circulation,

stationary eddies and a cross term

A52 = A(S?JVE+A527MM+A52,SE+A(52,CT (2.11)

where the subscript refers to Method 2 and

AbyNE = ONE—do where (Frp+AFNE)|gyy =0 (2.12)
Aby v = dmm—¢o  where (Fpp—AFpya)lgy, =0 (2.13)
Abysp = ¢sE—¢o  where (Frp-AFgp)lspg, =0 (2.14)
Abycr = AG—(Aby g+ Ady arar + Adsg). (2.15)

Once again, the cross term arises from nonlinear change involving simultaneous changes in
the different shift contributions [See (2.10)].

In summary, Method 1 is based on a linearized Taylor series and was motivated by the
success of the linearized Taylor series framework for EFE shifts (Bischoff & Schneider, 2014).
The advantage of Method 1 is that it quantifies whether linear changes at the reference
latitude (change in Fpp and its slope) accurately capture the storm track shift. This allows
for a clear geometric interpretation of the shift (see Fig. 2.1) and can be related to the
changes in amplitude and latitudinal width of the transient eddy MSE flux. Note this is

similar to the Bischoff & Schneider (2014) linearized EFE framework, which has a clear
13
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Figure 2.2: (a) Vertically integrated, annual and zonal mean MSE flux (PW) in the NCEP
reanalysis dataset for 1970 to 2015 decomposed into different dynamical contributions. Dia-
mond in (a) shows the location of the EFE and the stars denote the storm track position, i.e.
latitude ¢g where Frrplg = 0. Seasonal evolution of (b) transient eddy, (c) mean meridional
circulation and (d) stationary eddy MSE flux. MSE flux is multiplied by 27acos¢ in all
panels.

geometric interpretation (see their Fig. 1). The disadvantages of Method 1 include the use
of a linearized Taylor series and reference latitude. Method 2 is more accurate because 1)
it effectively includes all orders of the Taylor series, and 2) is independent of a reference

latitude. However it lacks the simple geometric interpretation as provided by Method 1.

2.2.2 Datasets

Reanalysis data

We use monthly atmospheric MSE flux data from the NCEP reanalysis (Kalnay & Coauthors,

1996) covering the period 1970 to 2015. The data were processed and decomposed following
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Figure 2.3: Seasonal evolution of storm track position (latitude ¢y where Frplg, = 0) in
the Northern (red), Southern (blue) Hemispheres and EFE position (black) relative to the
annual mean position for (a) NCEP reanalysis and (b) MPI AGCM. The annual mean EFE
and storm track positions are (a) 1.9°, 43.3° , -43.8° and (b) 1.9°, 42.9°, -41.5°, respectively.

Marshall et al. (2013). The annual, zonal mean total MSE flux and its decomposition into
mean meridional circulation, stationary eddy and transient eddy components is shown in Fig.
2.2a. The seasonal evolution is shown in Fig. 2.2b-d. There is larger seasonality of transient
eddy MSE flux in the NH than in the SH. The NH storm track position, i.e. the latitude
¢o where Frp E|¢0 =0, exhibits a seasonal amplitude of 13.3° about its annual mean position
of 43.3°N, which reflects an equatorward shift in winter and poleward shift in summer (red
line, Fig. 2.3a). In contrast, the seasonal amplitude of SH storm track position is only 3.6°
about its annual mean position of 43.8°S (blue line, Fig. 2.3a). In both hemispheres, the
seasonal cycle of storm track position is of similar amplitude for the latent and sensible heat
MSE flux components (Fig. 2.14).

The mean meridional circulation MSE flux reflects the seasonal evolution of the Hadley
circulation in the tropics (Fig. 2.2c¢), which coincides with seasonal shifts of the EFE that
has an amplitude of 24.2° (black line, Fig. 2.3a) about its annual mean position of 1.9°N.
The Ferrel cell dominates the mean meridional circulation MSE flux in the extratropics and
opposes the transient eddy MSE flux. The seasonal evolution of stationary eddy MSE flux in
the NH (Fig. 2.2d) reflects large amplitude wintertime stationary eddies driven by diabatic

heating, topography and transient eddy vorticity flux (see Fig.13 in Wang & Ting, 1999;
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Held et al., 2002) whereas summertime stationary eddies are driven by Monsoonal diabatic
heating (see Fig. 15 Wang & Ting, 1999). The SH exhibits a much weaker seasonal evolution
of stationary eddy MSE flux (Fig. 2.2d) consistent with its smaller land area. The seasonal
evolution of the MSE flux in the NCEP reanalysis is robust when compared to the ERA-
Interim reanalysis (Dee et al., 2011) covering the period 1979 to 2015 (compare Figs. 2.2-2.3
with Figs. 2.16-2.17).

The NCEP reanalysis data is used to examine storm track shifts in response to seasonal
insolation and the El Nino Southern Oscillation (ENSO). The ENSO response is quantified
by the difference between El Nino minus La Nina years following Lu et al. (2008). In our
analysis we used a December, January and February averaged NINO3.4 index value > 0.5°C
to identify El Nino years (1972, 1976, 1977, 1979, 1982, 1986, 1987, 1991, 1994, 1997, 2002,
2004, 2006 and 2009) and an index value < 0.5°C to identify La Nina years (1971, 1973, 1974,
1975, 1984, 1988, 1998, 1999, 2000, 2007, 2010 and 2011)1. The NCEP data is interpolated

onto a 0.1° degree grid.

2.2.8  Atmospheric general circulation model experiments

In order to examine storm track shifts on longer timescales, i.e. in response to increased
COg9, we conduct simulations with the MPI-ESM-LR  AGCM, hereafter referred to as MPI
AGCM (Stevens et al., 2013). The AMIP configuration of the MPT AGCM with prescribed
historical forcings (i.e., radiative forcing, SST, sea ice, etc.) from 1979 to 2008 (Gates et al.,
1999) does a reasonable job of reproducing the seasonal cycle of MSE flux (Fig. 2.4), EFE
and storm track position (Fig. 2.3b).

Following previous work we consider the direct and indirect (fast and slow) effect of
increased CO9 on storm track position using AGCMs (He et al., 2014; Shaw & Voigt, 2015;

He & Soden, 2016). The direct effect involves increasing CO9 by 4 times its climatological

1. See http://www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml for more infor-
mation.
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Figure 2.4: As in Fig. 2.2 but for the MPI-ESM AGCM.

value with fixed SST. Shaw & Voigt (2016a) showed that increased COg over land dominates
the storm track shift in response to the COq direct effect (see their Table 1). Thus, the
direct effect will focus on the response to increased CO9 over land. The indirect effect
involves increased SST with fixed CO9. The simplest SST warming is uniform warming by
4K, which we will refer to as increased SST. The MPI-AGCM simulations used here are the

same as those in Shaw & Voigt (2016a). The data are interpolated onto a 0.1° degree grid.

2.3 Results

The MSE framework provides a connection between storm track shifts and energetic per-
turbations. The importance of this connection can be illustrated by making a falsifiable
prediction of month-to-month storm track shifts in response to seasonal insolation. Given

the transient eddy MSE flux divergence Fprp and storm track position ¢qg during month
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Figure 2.5: Month-to-month storm track shift as (a) predicted using Method 2 in response
to TOA insolation with fixed TOA albedo and (b) observed in the NCEP reanalysis.

m, Method 2 is used to predict the storm track shift between months m and m + 1 due
to TOA insolation change AF:,{O ASW Assuming fixed TOA albedo appy4 for the adja-
cent months, the storm track shift is Ad ~ Adyp = dng — ¢o where (Frp + AFNE) gy g =
(Frp+(1- O‘TOA)AF%OASW)MNE = 0. Figure 2.5a shows the predicted seasonal storm
track shift. Note for some months there is no latitude where the transient eddy MSE flux
divergence equals zero after adding the insolation change, i.e. ¢ g does not exist for some
months. If insolation dominated storm track shifts then there would be a poleward shift
between winter and summer and an equatorward shift between summer and winter in both
hemispheres. Interestingly the observed NH shift is smaller and out-of-phase with the pre-
dicted shift. In the SH the observed shift is much weaker and does not exhibit clear sea-
sonality (Fig. 2.5b). Hence, TOA insolation alone does not determine seasonal storm track
shifts.

In the following subsections the MSE framework is applied diagnostically across three
timescales (seasonal, interannual and centennial) to determine the dominant contributions
n (2.6). Since the MSE framework is based on the MSE budget, it does not imply causality.
However it can be used to formulate hypotheses to test causality as discussed in section 4.
The goal is to find shifts involving one or two dominant contributions. In order to extract

robust behavior we focus on large amplitude shifts, i.e. shifts larger than 1° latitude (shifts
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Figure 2.6: Month-to-month storm track shift according to Method 1 [see (2.5)] in the (a)
Northern and (b) Southern Hemispheres in NCEP reanalysis. The actual storm track shift
(Ad) and Taylor series linearization error (Ad — Ady) are shown for comparison.

less than 1° latitude involve gray shading in all figures).

2.3.1 Seasonal shift

On seasonal timescales we focus on month-to-month storm track shifts. Figure 2.6 shows
the storm track shift computed following Method 1 [see (2.5)]. The transient eddy MSE
flux divergence change dominates the storm track shift (blue line, Fig. 2.6a,b) and the
contribution from slope and nonlinear seasonal changes (orange and green lines, Fig. 2.6a,b)
is small. The Taylor series linearization error (black line, 2.6a,b) is also small.

The decomposition of NH seasonal storm track shifts into net energy, mean meridional
circulation, stationary eddy, and cross term contributions following Method 1 [see (2.6)] is
shown in Fig. 2.7a. Once again the MSE flux divergence dominates over slope and nonlinear
seasonal changes for each contribution [see (2.7)-(2.9) and Fig. 2.22]. A large amplitude
poleward shift emerges from April minus March to August minus July and an equatorward
shift emerges from September minus August to December minus November in the NH (red
line, Fig. 2.7a)

The dominant contribution to the seasonal shift is from stationary eddy MSE flux di-
vergence (blue line, Fig. 2.7a). During other times, the shift is less than +1° and all

contributions are important. According to Method 2 stationary eddy MSE flux divergence
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Figure 2.7: Month-to-month storm track shift decomposed into net energy, mean meridional
circulation, stationary eddy and cross term contributions following (a,c) Method 1 [see (2.6)]
and (b,d) Method 2 [see (2.11)] in the Northern (top) and Southern (bottom) Hemispheres
for the NCEP reanalysis. Actual shift (Ad) is shown for comparison. For Method 1 circles
and bars indicate the mean and +1 standard deviation over a range of reference latitudes
(see section 2a).

is also the dominant NH shift contribution (Fig. 2.7b). In the SH, the month-to-month shift
is less than +1° with the exception of May minus April when there is an equatorward shift,
however no contribution dominates according to both Methods (Fig. 2.7c,d). The cross
term for Method 2 is consistent with Method 1 and is small in both hemispheres (black line,
Fig. 2.7a-d).

Overall, the MSE framework for storm track shifts suggests that the seasonal storm
track shift in the NH is connected to the seasonal evolution of stationary eddy MSE flux
divergence. The latitudinal structure of compensation for July minus June, September minus
August and December minus November is shown in Fig. 2.8.  Between July and June,
stationary eddies diverge MSE flux in the subtropics and converge it in midlatitudes (blue
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Figure 2.8: Change in transient eddy (AFpg) and stationary eddy (AFgg) MSE flux diver-
gence in the Northern Hemisphere for (a) July minus June, (b) September minus August and
(c¢) December minus November for the NCEP reanalysis. The vertical black line denotes
the climatological storm track position during (a) June, (b) August and (c) November.

line, Fig. 2.8a). Transient eddies compensate by diverging MSE flux in midlatitudes (red
line, Fig. 2.8a) resulting in a poleward shift of the storm track. Between September and
August, stationary eddies diverge MSE flux in midlatitudes and converge it in the subtropics
and high latitudes (blue line, Fig. 2.8b). Transient eddies compensate by converging MSE
flux in midlatitudes (red line, Fig. 2.8b) resulting in an equatorward shift of the storm
track. Finally, between December and November, stationary eddies diverge MSE flux
in midlatitudes and converge it in high latitudes (blue line, Fig. 2.8c). Transient eddies
compensate by converging MSE flux in midlatitudes (red line, Fig. 2.8c) resulting in an
equatorward shift of the storm track. The seasonal shifts in the NCEP reanalysis are in

general agreement with those from the ERA-Interim reanalysis (compare Figs. 2.7 & 2.8 to
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Table 2.1: Stormtrack shift in response to El Nino minus La Nina conditions.

Hemisphere Method1 Method2

NH Adp =-1.61°+0.17° Adg = —1.45°
Ad) Np=061°£0.07°  Ady yp=0.65°
Aél,MM =-0.78°+£0.14° AéQ,MM =-0.65°
Ad) gp=-149°+0.14°  Ady gp = ~1.45°
Ady o7 = -0.05° £0.08°  Ady o7 = 0.00°

SH Adp =-0.69° = 0.00° Adg = -0.80°
AéLNE =-0.17° £ 0.00° A(SZ,NE =-0.15°
A&y arar = ~0.36° £0.00°  Ady prar = ~0.35°
A(SLSE =-0.16° £ 0.00° A(;Q,SE =-0.25°

Ay o7 = 0.00° £ 0.00°

Ady o = ~0.05°

Figs. 2.18 & 2.19).

2.3.2  Interannual shift

On interannual timescales we consider the storm track shift due to ENSO, which is the
dominant mode of climate variability. The jet stream shifts equatorward in response to El
Nino minus La Nina conditions during NH winter (December, January and February, Seager
et al., 2003; Lu et al., 2008). Consistent with the jet shift, the storm track position defined
as the latitude of zero transient eddy MSE flux divergence, shifts equatorward by 1.5° and
0.8° in the NH and SH respectively. Table 1 summarizes the storm track shifts computed
following Methods 1 and 2.

According to both methods the dominant contribution to the equatorward shift of the
NH storm track in response to El Nino minus La Nina conditions is from stationary eddy
MSE flux divergence. Stationary eddies diverge MSE flux in midlatitudes near the storm
track position during NH winter and converge it in the subtropics and high latitudes (blue
line, Fig. 2.9a). Transient eddies compensate by converging MSE flux in midlatitudes (red
line, Fig. 2.9a), which shifts the storm track equatorward.
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Figure 2.9: El Nino minus La Nina response of wintertime (DJF) transient eddy (AFrg),
stationary eddy (AFgg) and mean meridional circulation (AFy57) MSE flux divergence in
the (a) Northern and (b) Southern Hemispheres for the NCEP reanalysis.  The vertical
black line denotes the climatological storm track position for La Nina conditions.

In the SH, the mean meridional circulation and stationary eddy MSE flux divergence
both contribute to the equatorward shift of the SH storm track in response to El Nino minus
La Nina conditions. However the shift is less than 1°. The mean meridional circulation and
stationary eddies diverge MSE flux in midlatitudes (blue and green line, Fig. 2.9b), which is
compensated by transient eddy MSE flux convergence (red line, Fig. 2.9b). Once again, the
ENSO shift in the NCEP reanalysis is in general agreement with that from the ERA-Interim

reanalysis (compare Fig. 2.9 to Fig. B5).

2.3.8 Centennial shift

On centennial timescales we consider the response to increased COg. As discussed in section
2b, we separate the direct (increased COg9 over land) and indirect (increased SST with
fixed CO9) effects of CO9 on the storm track. The direct effect produces a poleward storm
track shift during NH summer but does not significantly impact the SH storm track (Fig.
2.10a,b). The indirect effect produces an equatorward shift during June in the NH and
a poleward shift during January in the NH and during May and October in the SH (Fig.
2.10c,d). Consistent with the seasonal shifts, the transient eddy MSE flux divergence change

dominates the Method 1 shift (blue line, Fig. 2.10) and the Taylor series linearization error
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Figure 2.10: As in Fig. 2.6 but for the response to (a,b) increased COs9 over land and (c,d)
increased SST for the MPI-AGCM.
(black line, 2.10) is small.

The decomposition of storm track shifts in response to increased CO9 into net en-
ergy, mean meridional circulation, stationary eddy, and cross term contributions following
Method 1 [see (2.6)] is shown in Figs. 2.11a,b and 2.12a,b. Once again the MSE flux diver-
gence change dominates the Method 1 shift decomposition (Fig. 2.24 and 2.24). According
to both methods the dominant contribution to the poleward shift during NH summer in
response to increased CO9 over land is from stationary eddy MSE flux divergence (blue line
in Fig. 2.11a,b). In response to increased COg over land, stationary eddies diverge MSE
flux in the subtropics and converge it in midlatitudes (blue line, Fig. 2.13a). Transient
eddies compensate by diverging MSE flux in midlatitudes (red line, Fig. 2.13a) resulting in
a poleward shift of the storm track. The response to increased CO9 over land is similar to

the seasonal response between July and June (see Fig. 2.8a).
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Figure 2.11: As in Fig. 2.7 but for the response to increased COg over land for the MPI-
AGCM.

According to both methods the dominant contribution to the equatorward shift of the
NH storm track during June in response to increased SST is from stationary eddy MSE flux
divergence (blue line in Fig. 2.12a,b). Stationary eddies diverge MSE flux in the midlatitudes
and converge it in the subtropics (blue line, Fig. 2.13b). Transient eddies compensate by
converging MSE flux in midlatitudes (red line, Fig. 2.13b). The response to increased SST
during June is opposite to the response to increased CO9 over land during July suggesting
increased CO9 and increased SST exert a tug of war on storm track position (Shaw et al.,
2016). According to both methods the dominant contribution to the poleward shift of the NH
storm track in response to increased SST during January is from mean meridional circulation
MSE flux divergence (Fig. 2.12a,b). The mean meridional circulation diverges MSE flux in
midlatitudes and converges it in the subtropics and high latitudes (green line, Fig. 2.13c).

Transient eddies compensate by diverging MSE flux in the midlatitudes (red line, Fig. 2.13c),
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Figure 2.12: As in Fig. 2.7 but for the response to increased SST for the MPI-AGCM.

which shifts the storm track poleward in response to increased SST.

The mean meridional circulation is also the dominant contribution to the poleward shift
of the SH storm track in response to increased SST during October (Fig. 2.12¢,d). Once
again, the mean meridional circulation diverges MSE flux in the midlatitudes during October
and converges it in the subtropics and high latitudes (green line, Fig. 2.13d). The transient

eddies compensate by diverging MSE flux in the midlatitudes (red line, Fig. 2.13d).

2.4 Conclusions and discussion

A framework was developed for understanding shifts of the zonal-mean storm track using
the atmospheric MSE budget. The results build upon an MSE framework for EFE shifts
(Schneider et al., 2014; Bischoff & Schneider, 2014). storm track position was defined as

the latitude of zero transient eddy MSE flux divergence. Two methods were developed to
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Figure 2.13: Response of MSE flux divergence to (a) increased COg over land during July in
the Northern Hemisphere and to increased SST during (b) June in the Northern Hemisphere,
(c) January in the Northern Hemisphere and (d) October in the Southern Hemisphere for
the MPI-AGCM. The vertical black line denotes the climatological storm track position.

understand storm track shifts. The first method is based on the Taylor series linearization
of transient eddy MSE flux divergence about a reference latitude near the storm track
position. According to this method, storm track shifts are driven by changes in transient
eddy MSE flux divergence and its slope at the reference latitude. The transient eddy MSE
flux divergence at the reference latitude dominates the storm track shifts. Thus, a poleward
shift of the storm track occurs due to a transient eddy MSE flux divergence response near
the storm track position whereas an equatorward shift occurs due to a flux convergence.
The Taylor series linearization error was small across the timescales considered.

The second method for quantifying storm track shifts does not involve a Taylor series or a
reference latitude. It imposes a change in transient eddy MSE flux divergence at all latitudes

to the climatological transient eddy MSE flux. According to the MSE budget, any change
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in transient eddy MSE flux divergence is balanced by the sum of changes in net energy
(MSE input to the atmosphere minus atmospheric MSE storage) and MSE flux divergence
by longitudinally-symmetric mean meridional circulation and longitudinally-asymmetric sta-
tionary eddies. Thus, both methods decompose the storm track shift into contributions from
net energy, mean meridional circulation, stationary eddies and a cross term. The cross term
involves changes in multiple contributions and was small across the timescales considered.

The MSE framework was applied to storm track shifts across timescales, including month-
to-month seasonal shifts, interannual shifts in response to ENSO and centennial shifts in
response to increased CO9. The response to increased CO9 was decomposed into direct
(increased CO9 over land with fixed SST) and indirect (increased SST with fixed COsg)
contributions. Seasonal and ENSO shifts were quantified using NCEP and ERA-Interim
reanalysis data whereas shifts in response to increased CO9 were quantified using the MPI
AGCM. Changes in net energy were a small contribution across the timescales considered.
Stationary eddies are the dominant contribution to storm track shifts in response to seasonal
insolation in the NH, El Nino minus La Nina conditions during NH winter and direct and
indirect effects of increased CO9 during NH summer. The mean meridional circulation is the
dominant contribution to storm track shifts in response to the CO9 indirect effect during
NH winter and in SH during May and October.

The insignificance of net energy changes is consistent with previous work that highlighted
the importance of ocean surface energy storage (Fasullo & Trenberth, 2008; Donohoe & Bat-
tisti, 2013). The dominance of circulation contributions to storm track shifts suggests that
compensation between different circulation components is important for shifts across the
timescales considered. Understanding the importance of net energy changes and compensa-
tion in response to forcings on different timescales (e.g. decadal and millennial), e.g. ozone
depletion, aerosol and paleoclimate changes, is work in progress.

Since compensation does not imply causality one cannot draw causal conclusions from the
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results. However, the results can be used to formulate hypotheses regarding causality. For
example, the results show that the seasonal storm track shifts are connected to stationary
eddy evolution. Thus one could hypothesize that in the absence of significant net energy and
stationary eddy changes there is no seasonal shift. Furthermore, if net energy changes are
small but there is a significant stationary eddy signal that is not driven by transient eddies
then stationary eddies may cause a seasonal shift. Current research is focused on this inter-
pretation for the NH where summertime stationary eddies reflect Monsoon diabatic heating
over land and not transient eddy vorticity sources according to stationary wave models (see
Fig. 15 of Wang & Ting, 1999). Consistently, when the summertime Monsoon circulation
and its stationary eddy MSE flux are amplified in response to the CO9 direct effect, the
storm track shifts poleward (Shaw & Voigt, 2015, 2016b). Idealized model experiments show
that imposed subtropical zonally-asymmetric perturbations shift the storm track poleward
(Shaw, 2014; Shaw & Voigt, 2015, 2016b). Along similar lines, the equatorward shift in
response to El Nino minus La Nina conditions during NH winter involves changes in sta-
tionary eddies, which may be driven directly by the weakening of the Walker circulation.
However, changes in zonal-mean tropical diabatic heating and the Hadley circulation may
directly impact MSE and temperature gradients (Seager et al., 2003; Tandon et al., 2013;
Lu et al., 2014).

The compensation between the mean meridional circulation and transient eddies in re-
sponse to the CO9 indirect effect suggests transient eddy momentum fluxes, which drive the
Ferrel circulation (Schneider, 2006), may cause the storm track shift. This compensation
requires a better understanding of the connection between storm track and eddy driven jet
shifts, which is an active area of research (Lu et al., 2010; Donohoe et al., 2014; Yamada
& Pauluis, 2016; Dwyer & O’Gorman, 2016). Alternatively, changes in zonal-mean tropical
diabatic heating and Hadley circulation may directly impact the storm track (Butler et al.,

2010; Lu et al., 2014; Tandon et al., 2013; Mbengue & Schneider, 2017). Assessing the
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causality of compensation using idealized model simulations is work in progress.

Circulation compensation has a long history in the literature going back at least to
Manabe & Terpstra (1974) who noted compensation between stationary and transient eddy
MSE flux in response to flattening the continents in an AGCM. More recent examples of
stationary-transient eddy compensation include: compensation on climatological and inter-
annual timescales in reanalysis data (Trenberth & Stepaniak, 2003a,b), wintertime com-
pensation in response to zonally localized surface heat flux perturbations in aquaplanet
simulations (Kaspi & Schneider, 2013), wintertime compensation due to flattening Tibet
(Park et al., 2013) and summertime compensation in response to climate change over land
versus ocean across the model hierarchy (Shaw & Voigt, 2015, 2016b).  Mechanistically,
compensation can occur via increased stationary eddy MSE flux that reduces baroclinicity
and transient eddy MSE flux (Kaspi & Schneider, 2013) or it can occur through opposing
diffusivity responses (see Fig. 8 and 10 of Shaw & Voigt, 2016b). While compensation does
not occur at each longitude it does occur in longitudinal sectors.

The MSE framework is based on the MSE budget and is therefore diagnostic. ~ Using
the framework to predict shifts of the storm track requires 1) a better understanding of
circulation compensation using idealized models and 2) closures for the net energy, mean
meridional circulation and stationary eddy contributions. Our results suggest zonal-mean
net energy is not a useful closure, however previous work suggests energy input over land may
be a useful closure for stationary eddy MSE flux during NH summer (Shaw & Voigt, 2016a,b).
While the energetic perspective of storm track shifts is attractive because it connects storm
track position and energetic perturbations, a complete understanding of shifts must include
the momentum budget. Our results also do not account for shifts of zonally-localized storm
tracks, which are known to occur in response to ENSO, anthropogenic aerosol and CO9
changes. The MSE framework is currently being extended to address localized shifts. Overall

the MSE framework represents a step toward a complete understanding of storm track shifts
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across a range of timescales.
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2.5 Appendices

2.5.1 Appendiz A

The transient and stationary eddy MSE flux is decomposed into latent heat, sensible heat
and potential energy flux components in Figs. 2.14 and 2.15. The results show thermal
energy flux dominates for eddies (Rossby waves), i.e. cp([E*T*]) + L{[0*g*]) > ([v*®"]) and

ep{[V'T"]) + L{[v"¢"]) > ([v/®']), because they are mostly geostrophic.

2.5.2 Appendiz B

In addition to the NCEP reanalysis we also used monthly atmospheric MSE flux data from
the ERA-Interim renalysis covering the period 1979 to 2015. The data were processed and
decomposed following Marshall et al. (2013) and interpolated onto a 0.1° grid. The annually
averaged and seasonal evolution of the MSE flux for ERA-Interim reanalysis compares well
with the NCEP reanalysis (compare Fig. 2.16 to Fig. 2.2). Consistently there is also good
agreement between the seasonal positions of the EFE and storm track position in the two
reanalysis data sets (compare 2.17 and Fig. 2.3a).

According to the ERA-Interim data set, stationary eddy MSE flux divergence dominates
the seasonal shifts of the NH storm track consistent with the NCEP reanalysis (compare
Fig. 2.18 to Fig. 2.3). However, the largest month-to-month poleward shift occurs between
June minus May in the ERA-Interim data instead of between July minus June as in the
NCEP data. Figs. 2.19 and 2.20 should be compared with Figs. 2.8 and 2.9, respectively;

see the discussion in the main text.

2.5.8 Appendiz C

Method 1 is based on a first order Taylor series expansion of Frp about a reference latitude,
¢r. The reference latitude is a mathematical concept that has no physical significance. It is
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Figure 2.14: Seasonal evolution of vertically integrated and zonal mean transient eddy (a)
MSE flux (PW) in the NCEP reanalysis dataset for 1979 to 2015 decomposed into (b) latent
heat, (c) sensible heat and (d) potential energy flux. Note that the potential energy flux has
been multiplied by 25 and all flux components have been multiplied by 27a cos ¢.
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Figure 2.15: As in Fig. 2.14 but for the seasonal evolution of vertically integrated and zonal
mean stationary eddy flux.
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Figure 2.16: As in 2.2 but for the ERA-Interim renalysis.

chosen to minimize the Taylor series linearization error. For example, the error associated
with the Taylor series linearization as a function of reference latitude during August is shown
in . The linearization is only accurate in the vicinity of the storm track position (51.3°N).
A similar linear regime exists for other months. In order to capture the range of latitudes
representative of the linear regime, Method 1 uses a reference latitude defined as the current
storm track position + 1° in 0.5° increments (see gray shading in 2.21). The results for
Method 1 are summarized by the mean (circle) and +1 standard deviation (vertical bar)
across the range of reference latitudes in Figs. 6, 7, 10-12, 2.18, 2.22 - 2.24.

A reference latitude corresponding to the annual mean storm track position and Hadley
cell edge (latitude where the 10 m zonal-mean zonal wind is zero) were considered but not
used because the associated Taylor series linearization error is very large at those latitudes
during some months, e.g. August. While the Taylor series could be extended to include

higher order terms we do not feel it is necessary because Method 2 effectively includes all
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Figure 2.21: Error due to first order Taylor series approximation (§ — d1) during August
as a function of the reference latitude ¢, [see (2.11)]. The vertical black line denotes the
climatological storm track position (¢, = 51.3°) in August. The gray shaded region shows
the range of reference latitudes used for Method 1, e.g. ¢, — 1° to ¢, + 1°.

orders of the Taylor series. Furthermore, the Hadley cell edge does not exhibit a clear
connection to the storm track position interannually in the NH or during winter in the SH
(Kang & Polvani, 2011).

Method 1 decomposes storm track shifts into contributions from net energy, mean merid-
ional circulation, stationary eddies and a cross term [see (2.7)-(2.9)]. In all decompositions,
the MSE flux divergence change (blue line, Fig. 2.22-2.24) dominates the total shift (red
line, Fig. 2.22-2.24) and the difference between Method 1 and 2 is small (black line, Fig.
2.22-2.24).
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Figure 2.23: As in Fig. 2.22 but for the response to increased CO9 over land in the MPI-

AGCM.
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Figure 2.24: As in Fig. 2.22 but for the response to increased SST over land in the MPI-

AGCM.
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CHAPTER 3
SURFACE FLUXES MODULATE THE SEASONALITY OF
ZONAL-MEAN STORMTRACKS

3.1 Introduction

The zonal-mean extratropical stormtracks exhibit distinct hemispheric seasonality. In the
Northern Hemisphere (NH) the stormtrack weakens by ~ 2.5 PW and shifts poleward by
~ 10° from winter to summer. The Southern Hemisphere (SH) stormtrack shows much
smaller seasonality (< 1 PW intensity change and < 3° shift, Chang et al., 2002; Shaw et al.,
2016). Overall, stormtrack seasonality is much larger than changes due to global warming
or inter-annual variability (O’Gorman, 2010; Barpanda & Shaw, 2017; Shaw et al., 2018).

Several frameworks have been used to diagnose the factors affecting zonal-mean storm-
track seasonality. The first group focuses on the seasonality of time- and zonal-mean tem-
perature. For example, the Eady parameter, which peaks where baroclinicity is largest, has
been used to explain stormtrack seasonality excluding the midwinter minimum (Nakamura,
1992; Chang et al., 2002). In addition, Kushner & Held (1998) showed that the seasonality
of the stormtracks in the lower troposphere follow a down-gradient diffusive model, i.e. they
follow the seasonality of the time-mean temperature gradient. Finally, O’Gorman (2010)
showed that the seasonality of zonal-mean stormtrack intensity follows Mean Available Po-
tential Energy (MAPE). MAPE is related to the vertical and meridional structure of the
zonal- and time-mean temperature and is proportional to the square of the Eady growth
rate (O’Gorman & Schneider, 2008).

The second group focuses on Moist Static Energy (MSE). Recently, Barpanda & Shaw
(2017) and Shaw et al. (2018), hereafter B17 and S18, developed a framework for zonal-
mean stormtrack position and intensity based on the MSE budget. It provides a clear

connection between stormtracks and seasonal insolation. In particular, stormtrack position
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and intensity are related to net energy input (top of atmosphere radiation minus surface fluxes
and atmospheric storage) and MSE transport by the stationary circulation (mean meridional
circulation and stationary eddies). B17 and S18 showed that the MSE framework could be
used to test the hypothesis that top-of-atmosphere (TOA) insolation controls stormtrack
seasonality. The test revealed insolation controls the phase of stormtrack seasonality but not
the amplitude. The MSE framework was subsequently used diagnostically to show shortwave
absorption (TOA minus surface shortwave) dominates the seasonality of stormtrack intensity
and the factor accounting for the hemispheric difference was surface heat fluxes (turbulent
surface latent and sensible heat flux plus surface longwave radiation), which are part of
the net energy input. Surface heat fluxes are out of phase with shortwave absorption in
the SH leading to small seasonal intensity whereas surface heat fluxes are in phase with
shortwave absorption in the NH leading to large seasonal intensity. According to the MSE
framework, the dominant factor accounting for hemispheric differences in seasonal position
is the stationary eddy MSE flux, which offsets the equator-to-pole energy imbalance implied
from the net energy input.

It is difficult to interpret the results mentioned above for several reasons. First, the sea-
sonal mean temperature-stormtrack relationship is not causal because stormtracks’ feedback
on the mean temperature structure (Hoskins & Valdes, 1990; Shaw et al., 2016). Second,
stormtracks interact with components of the MSE framework: stormtracks produce clouds
which impact the cloud radiative effect (Ceppi & Hartmann, 2015), stormtracks affect the
amplitude of stationary eddies (Held et al., 2002) and eddy momentum fluxes drive the Fer-
rel cell (Schneider, 2006). Nevertheless the MSE framework is appealing because it includes
external control parameters, e.g. insolation and surface albedo. These parameters can form
the basis of predictions as shown by B17 and S18. Unfortunately, frameworks based on mean
temperature cannot be easily related to external parameters, such as insolation, which is the

main driver of stormtrack seasonality.
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Here we hypothesize that surface fluxes (surface shortwave radiation minus surface heat
fluxes) modulate the seasonality of zonal-mean stormtracks. We focus on surface fluxes
because 1) they can be controlled by an external parameter (the mixed layer depth) in
slab-ocean aquaplanet models and in Energy Balance Models (EBMs) and 2) they affect
the seasonality of surface heat fluxes, which S18 showed was important for the hemispheric
difference in seasonal stormtrack intensity. We are also motivated by previous work that
demonstrated the impact of mixed layer depth on the zonally-symmetric slab-ocean aqua-
planet climate. In particular, aquaplanet simulations with a 50 m mixed layer depth capture
the seasonality of atmospheric temperature in the SH, which is mostly ocean and therefore
has a large effective heat capacity (Donohoe et al., 2014). Whereas aquaplanet simulations
with a 1 m mixed layer depth capture the seasonality of the Asian Monsoon in the NH, which
has more land and therefore a small effective heat capacity (Bordoni & Schneider, 2008).

We test our hypothesis by varying the mixed layer depth in zonally-symmetric slab-ocean
aquaplanet simulations without ocean energy transport. In addition we vary the mixed layer
depth in an EBM to understand connections to stormtrack frameworks based on mean surface
temperature. We focus on zonally-symmetric stormtracks as a first step in understanding
the different hemispheric seasonality of zonal-mean stormtracks on Earth. While the NH
stormtrack is clearly influenced by stationary eddies, zonally-symmetric dynamics may still
be useful if the impact of stationary circulations that are present on Earth are similar to the
zonal-mean meridional circulation in the zonally-symmetric aquaplanet.

The chapter is organized as follows. We review the MSE framework and outline our
hypotheses in section 2. We describe the details of the aquaplanet and EBM simulations
in section 3. In section 4, we test our hypotheses using the aquaplanet simulations, fully
diagnose stormtrack seasonality using the MSE framework and relate the aquaplanet results
to the observed stormtracks. We also examine the response of the EBM to changes in

mixed layer depth, including its impact on mean surface temperature. The conclusions and
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discussion are summarized in section 5.

3.2 Energetic framework and hypotheses

B17 and S18 derived an energetic framework for stormtrack position and intensity based on

the atmospheric MSE budget:

Fans + Fsp + Prg = ([Fpral) - 04[7]) = F g, (3.1)

where Fyrpr = 0y([v] [m]), Fsp = Oy{[v"m*]) and Frp = %([W]) are the MSE flux di-
vergence by the mean meridional circulation, stationary and transient eddies; v is meridional
wind; m is MSE (m = ¢,T + Lq + ®), where ¢ is specific heat of air at constant pressure, T
is temperature, L is the latent heat of vaporization, ¢ is specific humidity, and ® is geopo-
tential; the overbar and square brackets denote monthly and zonal averages, respectively,
with the prime and the asterisk representing deviations from those averages, respectively;
angle brackets denote mass-weighted vertical integration; 9y () = 0y {cos¢ (-)} /a cos¢ is the
meridional divergence in spherical coordinates, where ¢ is latitude and a is the radius of
Earth; ¢ is time; and h is the thermal energy (h = ¢yT + Lq). The net energy input Fyp is
the difference between energy input to the atmosphere [Fprg4 = Froa — Fgpc] and atmo-
spheric storage 0;([h]), i.e. Fxg = Froa-Fspc—0:([h]) where Fpp 4 is TOA radiation and

Fgpc is surface fluxes. The net energy input can be further decomposed following Donohoe

& Battisti (2013), i.e.

Fng=Fswaps +Fsur —Forr - 0{[h]) (3.2)

where Fgyapg is shortwave absorption in the atmosphere (TOA minus surface shortwave
radiation), Fgpp is surface heat flux (surface longwave radiation plus turbulent surface

latent and sensible heat fluxes) and Fy g is outgoing longwave radiation (OLR).
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The stormtrack position (¢s) is identified as the latitude where the transient eddy MSE
flux divergence is zero, i.e. Frpls, =0. The stormtrack intensity (1) is the value of zonal-
mean transient eddy MSE flux at the stormtrack position, i.e. I =27a cosgbs(mﬂ s+ Note
that storm-track intensity is negative in the SH and thus A7 > 0 indicates a weakening of
the SH stormtrack. S18 showed that defining stormtracks using a monthly average produced
similar results to defining them using a 10-day high pass filter (see Appendix A of S18). We
find similar agreement in our aquaplanet simulations (see Appendix A in section‘3.6.1, Figs.
3.15 & 3.16).

According to the MSE framework, a change in stormtrack intensity (Al) is decomposed
into contributions from net energy input integrated poleward of the stormtrack and MSE

fluxes by the mean meridional circulation and stationary eddies at the stormtrack position:
Al =Alng - Ay —Algg, (3.3)

where Iy g = 2ma2cos f:}; cosdFn pd, Iy = 2macosps([v] [m])|y, and Igp = 2macoss([V M)y,
(S18, section 2). Similarly, a change in stormtrack position (A¢) is decomposed into contri-
butions from net energy input (A¢pg), mean meridional circulation (A¢psas), stationary

eddies (A¢gg) and a cross term (Apor):

A= ApNE + Aoy + AdsE + Ador. (3.4)

where A¢op arises from nonlinearities (see B17 section 2 Method 2 for details).

To illustrate a diagnostic application of the MSE framework, we quantify the seasonal
evolution of stormtrack intensity as an anomaly relative to the annual mean for 2000 to
2015. (Note, this seasonal analysis is different from S18 who quantified month-to-month
seasonality.) Following S18, we combine Clouds and the Earth’s Radiant Energy System
(CERES) energy balanced and filled (EBAF) radiation (TOA longwave, shortwave and sur-
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Figure 3.1: (a,b) Decomposition of stormtrack intensity as an anomaly relative to the
annual mean (AJ) into contributions from net energy input (Alypg), stationary eddies
(Algg) and mean meridional circulation (Alysps). (c,d) Decomposition of net energy in-
put (Alng) contribution to stormtrack intensity anomaly into atmospheric shortwave ab-
sorption (Algy aps), surface heat flux (Algg ), outgoing longwave radiation (-AlprRr),
and atmospheric storage (-Aly, /dt)- Left panels show SH and right panels show NH for
ERA-Interim Reanalysis.

face shortwave) data with MSE flux and atmospheric storage data from ERA-Interim. The
surface heat flux is calculated as a residual of the MSE budget (1). Following S18, when
computing the contributions to I g the global mean is subtracted prior to computing the
spatial integral over the polar cap to ensure the implied energy transport at ¢4 is indepen-
dent of whether the integral is computed from the South Pole to ¢s or the North Pole to
¢s. In addition, the reanalysis uncertainty is defined as the difference between ERA-Interim
and NCEP over the 2000 to 2015 period and is ~ 0.3 PW.

According to the MSE framework, the seasonality of SH stormtrack intensity is negligible

and follows the evolution of net energy input (compare red and magenta lines, Fig. 3.1a).
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The seasonality of NH stormtrack intensity is large and mostly follows the evolution of net
energy input (compare red and magenta lines, Fig. 3.1b). Stationary eddies contribute to a
midwinter minimum in the NH (blue line, Fig. 3.1b). Therefore, from a zonally-symmetric
perspective, the different hemispheric seasonality of stormtrack intensity is connected to the
seasonality of net energy input. Decomposing the net energy input following (3.2) shows that
shortwave absorption (insolation) dominates seasonality in both hemispheres (orange line,
Fig. 3.1¢,d). In the SH, the seasonality of net energy input is negligible because surface heat
fluxes are out of phase with shortwave absorption along with OLR and atmospheric storage
(Fig. 3.1c). In contrast, in the NH the seasonality of net energy input is large because
surface heat fluxes are in phase with shortwave absorption (Fig. 3.1d). Thus, the different
hemispheric seasonality of stormtrack intensity is dominated by the different seasonality of
surface heat fluxes. Shortwave absorption is also somewhat different between the hemispheres
but it is not important throughout the seasonal cycle. OLR and atmospheric storage do not
exhibit hemispheric differences larger than reanalysis uncertainty.

To build a causal understanding of surface heat fluxes for stormtrack seasonality we focus
on surface fluxes. Surface fluxes and surface heat fluxes are connected via the surface energy

budget:

oT.
Fspc = Fsw,;, = Fsar = dpocp, 8_; +V-F, (3.5)

where Fgyy, fe is surface shortwave radiation, d is mixed layer depth of the ocean, p, is
density of water, cp, is specific heat capacity of water, T is sea surface temperature (SST)
and V- F, is the ocean energy flux convergence. If ocean energy transport (F,) is negligible
(a reasonable assumption for the extratropics and seasonal timescale, see Figs. 4c and 5¢ in
Roberts et al., 2017) then the mixed layer depth controls surface fluxes.

Assuming the stationary circulation and atmospheric storage contributions are negligible,
we hypothesize the mixed layer depth (surface fluxes) modulates stormtrack seasonality as

follows:
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1. If the mixed layer depth is large then surface fluxes become large enough to compen-
sate TOA radiation, i.e. AFgpco ~ AFpoy, the seasonality of net energy input is
small, shortwave absorption is out of phase with surface heat fluxes, and stormtrack

seasonality is small.

2. If the mixed layer depth is small then surface fluxes are small, i.e. AFgpco < AFro4,
the seasonality of net energy input is large, shortwave absorption is in phase with

surface heat fluxes, and stormtrack seasonality is large.

The phase relationships between shortwave absorption and surface heat fluxes were de-

duced as follows. If the mixed layer depth is large then

AFgpc~AFroa = AFroa~Fsw,,, ~AFsyr
=  AFswaps - AForr~-AFsyp

=  AFswaps~-AFgyp (3.6)

assuming shortwave absorption dominates over OLR. If the mixed layer depth is small then

AFSFC’“O = AFSW/,sfc_AFSHF“O
=  Afgwsfe~AFsgp

= AFgwaps~AFsyp (3.7)

assuming surface shortwave radiation is in phase with shortwave absorption.
The different mixed layer depth limits are relative to a critical depth, which we estimate
using a scaling analysis of the MSE budget that assumes TOA insolation and surface fluxes

are the same order of magnitude, i.e.

10 m (3.8)



where a = 0.3 is the planetary albedo, Sy = 500 Wm™2 is the maximum insolation in the
extratropics, Ts = 300 K and T =1 year. Here we use the absolute values instead of seasonal

changes following scaling conventions in Vallis (2006).

3.3 Model simulations

3.3.1 Aquaplanet

We perform zonally-symmetric slab-ocean aquaplanet simulations using two different Gen-
eral Circulation Models (GCMs): (1) Isca (Vallis et al., 2018) and (2) Geophysical Fluid
Dynamics Laboratory, Atmospheric Model 2.1 (GFDL) (Anderson et al., 2004; Delworth
et al., 2006). The Isca simulations use clear-sky RRTMG radiation (Mlawer et al., 1997),
the Betts Miller convection scheme (Betts & Miller, 1993) and are configured with spec-
tral T42 resolution and 40 unevenly spaced sigma levels. A constant planetary albedo of
a = 0.3 is prescribed in Isca. The GFDL simulations use a multi-band radiation parameteri-
zation (Freidenreich & Ramaswamy, 1999), the relaxed Arakawa Schubert convection scheme
(Moorthi & Suarez, 1992) and are configured with finite volume grid with uniform horizontal
resolution of 2.8° (equivalent to T42 spectral), and 48 unevenly spaced sigma levels. Thus
the two GCMs differ in their convection schemes and the inclusion of cloud radiative effects.

Both aquaplanets are configured as follows: ocean energy flux convergence is zero, oblig-
uity is 23.4°, eccentricity is zero and the concentration of greenhouse gases are: CO9 = 348
ppmv, CH; = 1650 ppbv, NoO = 306 ppbv, and CFCs are zero. A climatological strato-
spheric ozone layer is also added to the model which is hemispherically and zonally symmetric
following Geen et al. (2018). We test the hypotheses outlined in section 2 by varying the
mixed layer depth from 4 m to 100 m. All simulations are run for 40 years with the results
representing the average over the last 30 years and both hemispheres (with SH data shifted

by 6 months). The two GCMs yield consistent results, thus we present the Isca simulations
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in the section 3.4 and the GFDL simulations in Appendix B (see section 3.6.2).

3.3.2  Energy Balance Model

We use the Climlab EBM (Rose, 2018), which solves an equation for surface temperature
(Ts) based on the TOA energy budget:

(9T3 1 0 0T
C’ —=(1- A+ BT, — (D ) 3.9
= (1-0)Q = (A+ BT + —— 20 (Dup 5 2cos 0 (39
where C' = dpocp, is the effective (ocean plus atmosphere) heat capacity, « is the planetary
albedo, () is the seasonally evolving solar insolation, A + BT} is a parameterization of OLR,
Doy, is the total diffusivity in units of Wm=2K~1. We used the following parameter values:
A =210 Wm™2, B=2Wm2K-1 and a = 0.3. Following Mbengue & Schneider (2018),

the total diffusivity is

Debm(¢a¢h) :D$+(Dt_Dl‘)S(¢a¢h) (310)

where ¢, = 25° is the Hadley Cell edge, D, = 1.6 Wm~2K~! is the extratropical diffusivity,

D; = 3.2 Wm=2K-1 is the tropical diffusivity and

S(e,ép,) = 1[1 tanh( ¢¢¢h)tanh(7r¢+¢h)]

h o,

The EBM is a dry model, thus the stormtrack is defined differently than in the MSE
framework. The stormtrack position (¢s) is defined as the latitude where the extratropical
eddy energy flux divergence is zero, i.e. % <cos gb%—%) ‘ e 0. The stormtrack intensity
(Igpar) is the value of extratropical energy flux at the stormtrack position, i.e. Iggys =

-21a? cos ¢g Dx%—%‘qs . In the EBM, TOA energy balance means that the intensity can be
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decomposed as follows

Alppy = Alng = Alroa - Alogra (3.11)

where Al7p 4 and Alqgr Jdt are the TOA radiation and the effective storage contributions,
respectively. In the EBM the mixed layer depth controls the effective storage contribu-
tion, which cannot be separated into surface flux (ocean storage) and atmospheric storage

contributions because the EBM is based on TOA energy balance.

3.4 Results

3.4.1 Testing mixed layer depth hypothesis in the aquaplanet

The slab-ocean aquaplanet simulations show that in the limit of large mixed layer depth
TOA and surface fluxes are of similar magnitude, i.e. AFpoys ~ AFgpc (Fig. 3.2a), and
net energy input is small (Fig. 3.2b). Shortwave absorption is five months out of phase
with surface heat fluxes (Fig. 3.2c). This agrees well with the hypothesized six month
phase lag between shortwave absorption and surface heat fluxes for large mixed layer depth.
The one-month discrepancy is attributed to the small but non-zero OLR contribution (see
equation 6). Thus the simulations confirm the large mixed layer depth hypothesis thus far.
In addition, the slab-ocean aquaplanet simulations show that in the limit of small mixed
layer depth TOA fluxes are larger than surface fluxes, i.e. AFpoys > AFgpc (Fig. 3.2a),
and net energy input is large (Fig. 3.2b). The change in surface flux with mixed layer depth
is not associated with surface shortwave radiation (compare blue and dashed red lines, Fig.
3.2a). Furthermore, shortwave absorption is in phase with surface heat fluxes (Fig. 3.2¢)
for small mixed layer depth. Thus the simulations also confirm the small mixed layer depth
hypothesis thus far. Finally, the critical depth, estimated as the e-folding depth of the net

energy input as a function of mixed layer depth, is 6.5 m (black vertical line, Fig. 3.2b).
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Figure 3.2: Seasonal amplitude of (a) TOA radiation (red), surface flux (blue), surface
shortwave radiation (red dashed) and (b) net energy input (magenta) as a function of slab-
ocean mixed layer depth. The black vertical line denotes e-folding depth for net energy
input. (c) Phase difference between seasonal evolution of atmospheric shortwave absorption
and surface heat flux (black) and surface shortwave radiation and TOA shortwave radiation
(red dashed) as a function of slab-ocean mixed layer depth. Data from Isca simulations. The

triangles on the y axis denote values in the NH (red) and SH (blue) in the ERA-Interim
reanalysis.
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This agrees well with the 10 m scaling estimate (see equation 3.8).

In what follows we choose 5 m and 50 m as representative small and large slab-ocean
mixed layer depths. The large mixed layer depth limit is reminiscent of the SH where
the seasonality of net energy input is small and surface heat fluxes are out of phase with
shortwave absorption (blue triangles, Fig. 3.2b,c). In contrast, the small mixed layer depth
limit is reminiscent of the NH where the seasonality of net energy input is large and surface

heat fluxes are in phase with shortwave absorption (red triangles, Fig. 3.2b,c).

Effect of mixed layer depth on stormtrack intensity

The slab-ocean aquaplanet simulations with large mixed layer depth exhibit small seasonality
of stormtrack intensity (red line, Fig. 3.3a) following small seasonality of net energy input
(magenta line, Fig. 3.3a). The seasonality of net energy input is small because shortwave
absorption is out of phase with surface heat fluxes and OLR (compare orange, blue and
green lines, Fig. 3.3b). The surface heat flux seasonality is dominated by the latent heat
flux contribution (Fig. 3.4a). In addition, the mean meridional circulation (green line, Fig.
3.3a), stationary eddy (blue line, Fig. 3.3a) and atmospheric storage (black line, Fig. 3.3b)
contributions are small. Thus the simulations confirm the intensity hypothesis for large
mixed layer depth.

The slab-ocean aquaplanet simulations with small mixed layer depth exhibit large storm-
track seasonality (red line, Fig. 3.3c) following the large seasonality of net energy input
(magenta line, Fig. 3.3c). Net energy input is large because shortwave absorption is in
phase with surface heat fluxes (compare orange and blue lines, Fig. 3.3d). The surface heat
flux seasonality is very large and dominated by the latent heat flux contribution (Fig. 3.4b).
However, contrary to the assumptions underlying our hypothesis the mean meridional cir-
culation (green line, Fig. 3.3c) and atmospheric storage (black line, Fig. 3.3d) contributions

are large. Thus, the simulations do not exactly confirm the intensity hypothesis for small
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mixed layer depth.

The slab-ocean aquaplanet simulations show that in the limit of small mixed layer depth,
surface heat fluxes are not solely responsible for the large seasonality of stormtrack intensity,
the mean meridional circulation and atmospheric storage contributions are both important.
The large atmospheric storage contribution with small mixed layer depth is consistent with
the seasonal amplitude of atmospheric temperature increasing with decreasing mixed layer
depth (Donohoe et al., 2014). In order to better understand the mean meridional circulation
contribution to stormtrack intensity for small mixed layer depth we consider two additional
questions: 1) Is the mean meridional circulation contribution driven locally by Ferrel cell
dynamics or non-locally via interactions with the Hadley cell? and 2) Is the seasonality
of the mean meridional circulation MSE flux associated with thermodynamic or dynamic
changes?

In order to quantify the role of non-local Hadley cell seasonality for the mean meridional
MSE flux in the extratropics, we configure two additional slab-ocean aquaplanet simulations:
1) 5 m mixed layer depth in the tropics (20°S to 20°N) with 50 m mixed layer depth elsewhere
and 2) 50 m mixed layer depth in the tropics with 5 m mixed layer depth elsewhere. The
results show that the seasonal stormtrack intensity and mean meridional circulation contri-
bution are mostly independent of tropical mixed layer depth (Fig. 3.5). Thus, local Ferrel
cell dynamics control the mean meridional circulation contribution to stormtrack intensity
for small mixed layer depth.

In order to understand the importance of thermodynamic versus dynamic changes for the
seasonality of mean meridional circulation MSE flux, we decompose the flux into dynamic

and thermodynamic contributions (cf. Seager et al., 2010), i.e.

A(fo] [m]) = {((A[0]) [m]a) + ([v]g A ([m])) (3.12)

dynamic thermodynamic
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Figure 3.5: Seasonal evolution of (a) stormtrack intensity (AI) as an anomaly relative
to the annual mean and (b) contribution from mean meridional circulation (Alyss) with
50 m slab-ocean mixed layer depth (solid) and HC experiment with 5 m mixed layer depth
equatorward of 20° and 50 m depth elsewhere (dashed). Seasonal evolution of (c) stormtrack
intensity (A7) as an anomaly relative to the annual mean and (d) contribution from mean
meridional circulation with 5 m slab-ocean mixed layer depth (solid) and HC experiment
with 50 m mixed-layer depth equatorward of 20° and 5 m elsewhere (dashed). Data from
Isca simulations.

where [m], and [v], are annual, zonal-mean MSE and meridional wind respectively. Overall,
the dynamic contribution dominates over the thermodynamic contribution for small mixed
layer depth (Fig. 3.6). Thus, the seasonal dynamical changes in the Ferrel cell are important
for stormtrack intensity in the limit of small mixed layer depth.

In order to better understand what controls the dynamical changes in the Ferrel cell, we
use the zonal-mean zonal momentum budget to decompose the mean meridional flow into

mean meridional circulation, stationary eddy and transient eddy contributions (cf. Seager
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where f is the Coriolis parameter, ( is relative vorticity, and w is vertical velocity. Overall,
the transient eddy component ([o7g]) dominates the seasonality of the mean meridional
flow (Ferrel cell) in the upper troposphere (250 hPa) for small mixed layer depth (Fig. 3.7)
consistent with previous work (Bordoni & Schneider, 2008). The mean meridional flow in the
upper troposphere reaches its extremum during April (Fig. 3.7a) consistent with the mean
meridional circulation contribution to stormtrack intensity (green line, Fig. 3.3c). According
to the momentum budget decomposition, the mean meridional flow extremum in April is due

to both the transient eddy ([v7g]) and mean meridional circulation ([v3737]) contributions.

Effect of mixed layer depth on stormtrack position

The slab-ocean aquaplanet simulations with large mixed layer depth exhibit small seasonal
stormtrack shift (red line, Fig. 3.8a) following the small seasonality of net energy input
(magenta, Fig. 3.8a). The mean meridional circulation (green line, Fig. 3.8a), stationary
eddy (blue line, Fig. 3.8a) and atmospheric storage (black line, Fig. 3.8a) contributions are
small. Thus the simulations confirm the stormtrack position hypothesis for the large mixed

layer depth limit.
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Figure 3.7: Decomposition of the (a) mean meridional flow at 250 hPa into contributions from
the (b) mean meridional circulation ([T3737]), (¢) transient eddy ([o7g]) and (d) stationary
eddy ([vgg]) momentum flux divergence using the zonal-mean zonal momentum budget for
Isca simulation with 5 m slab-ocean mixed layer depth.

The slab-ocean aquaplanet simulations with small mixed layer depth exhibit a large
seasonal stormtrack shift (red line, Fig. 3.8b). The seasonal shift is so large that the MSE
framework breaks down (the cross term is very large). Therefore we cannot confirm that the
large shift is due to large net energy input as hypothesized. However, it is clear that the
mean meridional circulation (green line, Fig. 3.8b) and cross term (black line, Fig. 3.8b)
contributions are not small.

In order to avoid large shifts and a breakdown of the MSE framework, we quantify
the seasonal stormtrack shift between large (50 m) and intermediate (10 m) mixed layer
depths. Since the annual mean stormtrack position for the intermediate mixed layer depth
is poleward of the position for the large depth, the shift difference is always positive. The
intermediate minus large mixed layer depth shows that the net energy input contribution

dominates during summer (June, July and August) and the mean meridional circulation
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Figure 3.9: As in Fig. 3.3c but for 50 m slab-ocean mixed layer depth equatorward of 55°
and 2m depth poleward of 55°.

contribution dominates during November (Fig. 3.8c). Thus, consistent with the intensity
results, in the limit of small mixed layer depth surface fluxes are not solely responsible
for seasonal shifts of the stormtrack, the mean meridional circulation contribution is also

important and is dominated by seasonal dynamical changes in the Ferrel cell.

Connection to the observed stormtracks

The stormtrack seasonality for the slab-ocean aquaplanet simulation with large mixed layer
depth exhibits several similarities with the SH stormtrack on Earth. First, the large mixed
layer depth simulation reproduces the small seasonality of stormtrack intensity and position
(compare red lines, Figs. 3.1a, 3.3a and 3.8a) associated with the small seasonality of
net energy input (compare magenta lines, Figs. 3.1a and 3.3a). Second, the large mixed
layer depth simulation also reproduces the out-of-phase relationship between the shortwave
absorption and surface heat flux contributions to seasonal intensity seen in the SH (compare
orange and blue lines, Figs. 3.1c and 3.3b). However, the amplitudes of the OLR and surface
heat flux contributions to intensity for the large mixed layer depth simulation are different
than those in the SH (compare green and blue lines, Fig. 3.1c to 3.3b). More specifically,

the surface heat flux contribution is larger than the OLR contribution in the SH, whereas
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the opposite is true for the large mixed layer depth simulation.

An important difference between the SH and an aquaplanet simulation with large mixed
layer depth is Antarctica. To test whether Antarctica is important for stormtrack seasonality
in the SH, we configured a simulation with a large mixed layer depth (50 m) and a polar
region that mimics Antarctica. The Antarctic region is mimicked by a region with high albedo
(a = 0.7) small mixed layer depth (2 m) and zero latent heat flux poleward of 55 degrees
(latent heat flux is multiplied by 5 = 0 poleward of 55 degrees). The seasonal stormtrack
intensity with a polar region that mimics Antarctica exhibits an OLR contribution which
is larger than the surface heat flux contribution consistent with the SH (Fig. 3.9). Thus,
the stormtrack seasonality in a zonally-symmetric slab-ocean aquaplanet with a large mixed
layer depth (50 m) and a polar region that mimics Antarctica is a good idealization of the
SH stormtrack.

The stormtrack seasonality for the small mixed layer depth slab-ocean aquaplanet simu-
lation is large similar to the NH stormtrack (compare red lines, Figs. 3.1b, 3.3c and 3.8Db)
and associated with the large seasonality of net energy input (compare magenta lines, Figs.
3.1b and 3.3c). However, there are also important differences. First, net energy input sea-
sonality dominates the intensity in the NH whereas in the aquaplanet simulations with small
mixed layer depth, net energy input and mean meridional circulation play an equal role
(compare magenta and green lines, Fig. 3.1b and 3.3c). Second, while the phase relationship
between shortwave absorption and surface heat fluxes is similar, the aquaplanet surface heat
fluxes, OLR and atmospheric storage contributions are much larger than those in the NH
(compare blue, green and black lines, Fig. 3.1d and 3.3d). Third, while the seasonality of
stormtrack intensity in the NH and the small mixed layer depth aquaplanet simulations both
involve a contribution from the stationary circulation (mean meridional circulation for the
slab-ocean aquaplanet and stationary eddies for the NH), the effects are opposite. In the

NH the stationary eddy contribution opposes the seasonality of stormtrack intensity (blue
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and red lines, Fig. 3.1b), consistent with stationary eddies generating down-gradient MSE
fluxes, and accounts for a mid winter minimum. Whereas for the small mixed layer depth,
the mean meridional circulation is approximately in phase with stormtrack intensity (green
and red lines, Fig. 3.3c), consistent with the Ferrel cell generating upgradient MSE fluxes,
and there is no mid winter minimum (Figs. 3.3c, C1 & C2, Appendix C). Thus, the NH
and aquaplanet simulation with small mixed layer depth are in different regimes. Similar

differences occur for stormtrack position.

3.4.2 Connecting the aquaplanet and EBM results

As discussed in the Introduction, several stormtrack frameworks are based on mean tem-
perature. Unfortunately those frameworks do not predict temperature and do not include
external parameters. Thus, it is difficult to interpret the aquaplanet simulations using mean
frameworks. In order to get around this issue we use an EBM because it depends on mixed
layer depth and it predicts mean surface temperature (see section 3b). Here we quantify
how varying the mixed layer depth in the EBM affects 1) stormtrack seasonality and 2) the
mean surface temperature as compared to the aquaplanet. A comparison between the EBM,
which has fixed annual-mean diffusivity, and the aquaplanet reveals the role of dynamical
feedbacks for stormtrack seasonality. Since the mixed layer depth controls the effective stor-
age [sum of surface fluxes (ocean storage) and atmospheric storage in the aquaplanet] in the
EBM we use the EBM intensity decomposition (see equation 3.11) when comparing it to the

aquaplanet.

Effect of mixed layer depth on stormtrack and comparison with aquaplanet

The EBM with large mixed layer depth exhibits small seasonality of stormtrack intensity
and position consistent with the aquaplanet (compare black and red lines, Fig. 3.10a,b).

The small seasonality of stormtrack intensity in the EBM with large mixed layer depth is
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Figure 3.10: stormtrack (a,c) intensity and (b,d) shift as an anomaly relative to the annual
mean for the 50 m (top) and 5 m (bottom) mixed layer depth for Isca (red) and EBM (black)
simulations.

associated with small net energy input seasonality consistent with the aquaplanet (compare
magenta lines, Fig. 3.11a,b). The net energy input seasonality is small because effective
storage damps TOA radiation (compare orange and black lines, Fig. 3.11a,b). In the aqua-
planet the effective storage is dominated by surface fluxes (compare black and blue lines,
Fig. 3.11b), i.e. atmospheric storage is small. Thus the compensation of TOA radiation by
effective storage reflects the compensation of TOA radiation by surface fluxes (Fig. 3.2a),
which is consistent with the large mixed layer depth hypothesis.

The EBM with small mixed layer depth exhibits large seasonality of stormtrack intensity
and position consistent with the aquaplanet (compare black and red lines, Fig. 3.10c,d).
The large stormtrack seasonal intensity in the EBM is associated with large net energy
input seasonality (Fig. 3.11c,d). The net energy input seasonality is large for small mixed
layer depth because the effective storage contribution is phase-shifted by one month relative

to the large mixed layer depth (compare orange and black lines, Fig. 3.1la,c). In the
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Figure 3.11: Decomposition of stormtrack intensity as an anomaly relative to the annual
mean (AI) into contributions from net energy input (Alyg), TOA radiation (Alrpa),
effective storage (‘A[CdT/dt) and surface fluxes (Algpc). Data from (a,c) EBM and (b,d)
Isca simulations for 50 m (top) and 5 m (bottom) slab-ocean mixed layer depth.

aquaplanet the changes in seasonality of effective storage from large to small mixed layer
depth reflect 1) a larger atmospheric storage contribution (difference between black and blue
lines, Fig. 3.11b,d) and 2) a one-month phase-shift of the surface flux contribution (compare
blue lines, Fig. 3.11b,d). The surface flux changes in the aquaplanet are due to surface
heat flux changes rather than changes in surface shortwave radiation (red dashed line, Fig.
3.2a,c), which is consistent with the small mixed layer depth hypothesis.

While the EBM qualitatively captures the mixed layer depth dependence of stormtrack
seasonality in the aquaplanet, it does not capture the quantitative behavior. In particular,
the seasonality of stormtrack intensity and position in the aquaplanet are delayed relative

to the EBM for small mixed layer depth (compare black and red lines, Fig. 3.10). In order
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Figure 3.12: Decomposition of stormtrack (a,b) intensity and (c,d) position defined us-
ing transient eddy DSE flux (Alpgg) as an anomaly relative to the annual mean
into contribution from changes in diffusivity (-(AD)Gq,A¢p) and changes in gradient
(-Du(AG),A¢g). Data from Isca simulations with 50 m (left) and 5 m (right) slab-ocean
mixed layer depth.

to better understand the different stormtrack seasonality in the aquaplanet and EBM we

diagnose the aquaplanet diffusivity:

2ma cosqb([@])

— (3.14)
9619250 Pa

where s is dry static energy (DSE). We focus on DSE because the EBM is dry. We separate
stormtrack intensity anomalies relative to the annual mean into gradient and diffusivity

contributions:

Alpsg ~ -Da(AG) - (AD)G, (3.15)

where the subscript ‘a’ refers to the annual mean value and G is the meridional DSE gradient

at 925 hPa. According to the EBM the gradient term should dominate [first term on the right
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Figure 3.13: Decomposition of stormtrack (a,b) intensity and (c,d) position defined using
transient eddy DSE flux as an anomaly relative to the annual mean into contribution from
changes in diffusivity (-(AD)Gq,A¢p) and changes in gradient (-Dg(AG),A¢q). Left
panels show SH and right panels show NH for ERA-Interim Reanalysis.

hand side of (3.15)]. The decomposition shows that diffusivity changes dominate stormtrack
seasonality in the aquaplanet with large mixed layer depth (red line, Fig. 3.12a) similar
to the SH (red line, Fig. 3.13a). Gradient and diffusivity changes are important in the
aquaplanet with small mixed layer depth (red and blue lines, Fig. 3.12b) similar to the NH
(red line, Fig. 3.13b). They lead to a delay of stormtrack intensity relative to TOA radiation.
Recall that the delayed stormtrack intensity in the aquaplanet with small mixed layer depth
was associated with the mean meridional circulation contribution (green line, Fig. 3.3c).
This suggests that the EBM does not capture the delayed seasonality of stormtrack intensity
in the aquaplanet because it does not include dynamical feedbacks.

The seasonal stormtrack shift in the aquaplanet can also be decomposed into gradient

and diffusivity contributions. In particular, the seasonal evolution of the transient eddy DSE
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flux divergence relative to the annual mean is

AFrg psE & —0y(DaAG) -0y (GAD) (3.16)

AFg AFp

such that the stormtrack shift A¢ can be decomposed as

A(b ~ AgbG + A¢D (317)

where
A¢G = ¢G - ¢a where (FTE,DSE,a + AFc;)|¢G =0 (3.18)
Aé¢p = ¢p-da where (Frppspq+AFp)le, =0 (3.19)

and ¢, is the annual mean stormtrack position. Diffusivity changes dominate the seasonal
stormtrack shift for large and small mixed layer depths (Fig. 3.12c,d). They also dominate
seasonal shifts in the SH and NH (Fig. 3.13c,d). This suggests that the EBM does not
capture the delayed seasonality of stormtrack position in the aquaplanet because it does not

include dynamical feedbacks.

Effect of mixed layer depth on surface temperature

The EBM mean surface temperature seasonality is small with large mixed layer depth and
large with small mixed layer depth consistent with the aquaplanet (Fig. 3.14). This sug-
gests that one could interpret the mixed layer depth control on stormtrack seasonality via
surface baroclinity. However, the EBM does not quantitatively capture the mean surface
temperature seasonality in the aquaplanet. In particular, the temperature in the aquaplanet
is delayed relative to the EBM in the limit of small mixed layer depth (Fig. 3.14c¢,d). The

mean surface temperature delay in the aquaplanet is also consistent with delayed stormtrack
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Figure 3.14: Seasonal evolution of mean surface temperature for (a,c) EBM and (b,d) Isca
simulations with 50 m and 5 m mixed layer depth. White lines show the stormtrack position.

seasonality. Since the thermodynamic component of the mean meridional circulation con-
tribution to stormtrack intensity is small (Fig. 3.6¢) the results suggest that the stormtrack
feeds back on the mean surface temperature in the aquaplanet, which is not accounted for
in the EBM. Thus, the stormtrack and mean surface temperature are responding to changes

in mixed layer depth in the aquaplanet and also influencing each other.

3.5 Conclusions and discussion

3.5.1 Conclusions

Previous work has shown that the observed hemispheric differences in stormtrack seasonality

cannot be explained by insolation alone (B17 and S18). Diagnostic analysis using the MSE
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framework for zonal-mean stormtracks suggested an important role for differences in surface
heat flux (S18). Here we consider the causal role of surface fluxes in determining the inten-
sity and position of the zonal-mean stormtracks. We focus on surface fluxes because 1) they
can be controlled by an external parameter (the mixed layer depth) and 2) they affect the
seasonality of surface heat fluxes. Assuming the stationary circulation and atmospheric stor-
age do not contribute to stormtrack seasonality, we hypothesize that surface fluxes modulate

stormtracks via two different limits of mixed layer depth:

1. For large mixed layer depth, surface flux is large enough to compensate TOA insolation,
net energy input seasonality is small, surface heat fluxes are out of phase with shortwave

absorption and stormtrack seasonality is small.

2. For small mixed layer depth, surface flux is small, net energy input seasonality is large,
surface heat fluxes are in phase with shortwave absorption and stormtrack seasonality

is large.

Using a scaling analysis of the MSE budget, we estimate a critical mixed layer depth
~10 m separates these two limits (see equation 3.8). The hypotheses are tested by varying
the mixed layer depth in zonally-symmetric slab-ocean aquaplanet simulations with zero
ocean energy transport. We also examine the impact of varying the mixed layer depth on
stormtrack and mean surface temperature seasonality in an EBM.

The slab-ocean aquaplanet simulations confirm the large mixed layer depth hypothesis.
Namely, for large mixed layer depth the seasonality of net energy input is small, surface heat
fluxes are out of phase with shortwave absorption and stormtrack seasonality is small. The
stationary circulation and atmospheric storage contributions are also small. The simulations
also confirm some aspects of the small mixed layer depth hypothesis. Namely, for small
mixed layer depth the seasonality of net energy input is large, surface heat flux is in phase

with shortwave absorption and stormtrack seasonality is large. However, the hypothesis fails
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to capture the large contributions from dynamical changes in the Ferrel cell and atmospheric
storage.

The slab-ocean aquaplanet simulation with large mixed layer depth captures many as-
pects of the zonal-mean stormtrack in the SH, i.e. small seasonality of net energy input,
surface heat fluxes that are out of phase with shortwave absorption, small seasonality of
stormtrack intensity and position and mean surface temperature. Our results are consistent
with Donohoe et al. (2014) who showed that a 50 m mixed layer depth aquaplanet simula-
tion reproduces the seasonality of SH atmospheric temperature. The addition of an idealized
polar ice cap that mimics Antarctica better captures the seasonality of the surface heat flux
and OLR contributions to stormtrack intensity.

The slab-ocean aquaplanet simulation with small mixed layer depth captures some as-
pects of the zonal-mean stormtrack in the NH, i.e. large seasonality of net energy input,
surface heat fluxes that are in phase with shortwave absorption and large seasonality of
stormtrack intensity, position and mean surface temperature. However, the detailed evo-
lution is different from the zonal-mean stormtrack in the NH. In particular, atmospheric
storage is much larger in the aquaplanet consistent with the seasonal amplitude of atmo-
spheric temperature increasing with decreasing mixed layer depth (Donohoe et al., 2014).
Furthermore, the NH stationary eddies oppose stormtrack seasonality, consistent with sta-
tionary eddies generating down-gradient MSE fluxes. Whereas in the aquaplanet with small
mixed layer depth, the mean meridional circulation contribution is in phase with stormtrack
intensity consistent with the Ferrel cell generating up gradient MSE fluxes. We show that the
mean meridional circulation contribution in the small mixed layer depth simulation arises
from dynamical (eddy momentum flux divergence) changes in the Ferrel cell and not from
interactions with the Hadley cell.

We focused on the MSE framework for stormtracks because external parameters such as

insolation and mixed layer depth do not appear in mean thermodynamic frameworks. Instead
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we showed that an EBM can be used to understand the impact of mixed layer depth on the
seasonality of the stormtrack and mean surface temperature in the aquaplanet qualitatively.
More specifically, the EBM captures the large stormtrack and mean surface temperature sea-
sonality for small mixed layer depth and small stormtrack and mean temperature seasonality
for large mixed layer depth. However, a detailed comparison with the aquaplanet revealed
that the EBM could not quantitatively capture the seasonality in the aquaplanet because
it assumes constant annual-mean diffusivity. The diffusivity changes in the aquaplanet are

likely related to the interactions between the stormtrack and mean meridional circulation.

3.5.2  Discussion

Previous work using reanalysis data suggested the hemispheric difference in zonal-mean
stormtrack seasonality is connected to hemispheric differences in mean surface tempera-
ture seasonality (O’Gorman, 2010). However, mean surface temperature is not an external
parameter. Our EBM suggests the underlying reason for the different mean surface tem-
perature seasonality is most likely hemispheric differences in surface heat capacity (mixed
layer depth). Furthermore, since the aquaplanet and EBM results show the feedback of the
stormtrack on mean surface temperature is large, one must be cautious when interpreting
results using mean surface temperature from reanalysis.

A zonally-symmetric aquaplanet with a uniformly small mixed layer depth is clearly not
a good idealization of the NH stormtrack. Donohoe & Battisti (2013) showed that in the
NH extratropics, the zonal energy transport by the mean westerly winds damps the seasonal
heating over land and amplifies it over ocean. Therefore, a zonal combination of small and
large mixed layer depth may better reproduce the NH stormtrack. It may also better capture
the role of stationary eddies, which generate down-gradient MSE fluxes and are important
for stormtrack seasonality in the NH. Quantifying the impact of a zonally-dependent mixed

layer depth is work in progress.
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We show that dynamical changes in the Ferrel cell affect the seasonality of stormtracks in
the small mixed layer depth limit. Currently, it is not clear how the Ferrel cell contribution
scales with mixed layer depth and whether the small mixed layer depth limit is relevant
to past zonally-symmetric climates such as Snowball Earth. A better understanding of the
Ferrel cell contribution requires a connection between the MSE and momentum budgets.
Recent work by Lachmy & Shaw (2018) has made progress in this direction but more work is
needed. Alternatively, one could transform to potential temperature coordinates to remove
the Ferrel cell but this complicates the surface boundary condition (Held & Schneider, 1999).

A limitation of the slab-ocean aquaplanet simulations used in this study is that the mixed
layer depth is prescribed and there is no ocean energy transport. The addition of annual-
mean ocean energy transport does not change the conclusions (not shown). However, recent
observations show that the mixed layer depth in the SH varies seasonally between 30 m and
160 m (see 3.6.4, Fig. 3.30, Holte et al., 2017), which is greater than the critical depth (10
m). Thus we do not expect the seasonal variations will affect our conclusions. Nevertheless,
the impact of mixed layer depth seasonality will be quantified in future work.

Overall, our results show that surface fluxes modulate the seasonal evolution of zonal-
mean stormtracks and provide an explanation for the small stormtrack seasonality in the SH.
An assessment of the importance of surface fluxes for the stormtrack response to forcings
on other timescales (increased CO9, Last Glacial Maximum and Snowball Earth) is work in

progress.
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Figure 3.15: Seasonal stormtrack intensity as an anomaly relative to the annual mean defined
using vertically integrated transient eddy MSE flux calculated using a monthly average (solid
red), 10-day high-pass-filter MSE flux (dashed red), 10-30 day filter MSE flux (blue) and
eddy kinetic energy (black). Data from Isca simulations with (a) 50 m and (b) 5 m slab-ocean
mixed layer depth.

3.6 Appendices

3.6.1 Appendix A: Comparison of stormtrack metrics

In the MSE framework, stormtracks are defined using a monthly average. Defining the
stormtrack using a monthly average is qualitatively similar to defining them using a 10-day
high pass filter (compare solid and dashed red lines in Figs. 3.15 & 3.16). More specifically,
the quasi-stationary (10-30 day filtered) transient eddy contribution is very small (blue lines,
Figs. 3.15 & 3.16).

3.6.2 Appendiz B: GFDL AM?2

We performed zonally-symmetric slab-ocean aquaplanet simulations using GFDL AM2 to
corroborate our results from the Isca model (Figs. 3.17 - 3.27). GFDL-AM2 and Isca mostly
differ in their convection schemes and the inclusion of cloud radiative effects. The model
results are robust for Isca and GFDL, thus the main conclusions are not dependent on

convection scheme or the inclusion of cloud radiative effects.
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Figure 3.16: As in Fig. 3.15 but for GFDL simulations.

3.6.3 Appendix C: Mid-winter minimum

We found no mid-winter minimum in our zonally-symmetric slab-ocean aquaplanet simu-
lations for large and small mixed layer depths for both Isca (Fig. C1) and GFDL (Fig.
C2) simulations. In contrast, the zonal-mean stormtrack exhibits a very clear mid-winter
minimum in the NH (Fig. 3.1b). In particular, the stormtrack is weak when net energy
input suggests it should be large (compare red and magenta lines Fig. 3.1b) because of the
compensating behavior of stationary eddies (blue line, Fig. 3.1b).

Recent studies reported midwinter minimums in zonally symmetric GCMs. For example,
Yuval & Kaspi (2018) reported a midwinter minimum when prescribing the vertical tem-
perature structure of the North Pacific sector in a zonally-symmetric dry dynamical core.
Once again it is difficult to interpret those results because the seasonal mean temperature
stormtrack relationship is not causal. Novak et al. (2019) reported a midwinter minimum in
slab-ocean aquaplanet simulations with gray radiation with varied ocean energy transport.
While their aquaplanet set up is similar to the one used here, we could not reproduce their

results with RRTMG or gray radiation.
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Figure 3.17: As in Fig. 3.2 but for GFDL simulations.
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Figure 3.23: As in Fig. 3.9 but for GFDL simulations.
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Figure 3.25: As in Fig. 3.11b,d but for GFDL simulations.
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Figure 3.26: As in Fig. 3.12 but for GFDL simulations.
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Figure 3.30: Seasonal evolution of zonal-mean and monthly mean mixed layer depth in the
Southern Hemisphere based on density profiles. Data is obtained from a database of mixed

layer properties computed from nearly 1,250,000 delayed-mode and real-time Argo profiles
collected from 2000 to present (Holte et al., 2017).

3.6.4 Appendixz D: Seasonal evolution of SH mized layer depth

The SH mixed layer depth based on density profiles from Holte et al. (2017) varies between
between 30 m to 160 m in the extratropics (Fig. 3.30). This suggests that the mixed layer

depth in the SH exceeds the critical depth of ~10m (see equation 3.8) throughout the seasonal

cycle.
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CHAPTER 4
INVESTIGATING PERSISTENT ANOMALIES IN THE
WINTERTIME JET STREAM USING THE WAVE ACTIVITY
BUDGET

4.1 Introduction

Atmospheric blocking represents a disruption of eastward migrating synoptic eddies and
occurs due to persistent meandering of the jet stream that can last for a week or longer
(Rex, 1950; Berggren et al., 1949; Woollings et al., 2010, 2018). Atmospheric blocks often
form nearly stationary anticyclones (cyclones) that cause unusually high or cold temperatures
in the midlatitudes resulting in significant societal impacts (Demirtag, 2017).

Some of the proposed theories for formation and maintenance of atmospheric blocks in-
clude resonance between stationary Rossby waves and boundary forcing (Charney & DeVore,
1979; Tung & Lindzen, 1979), interaction between stationary waves and transient eddies
(Berggren et al., 1949; Green, 1977; Shutts, 1983; Luo et al., 2019), instability /nonlinearity
of low frequency waves (Swanson, 2000; Cash & Lee, 2000) and modon in a shear flow
(McWilliams, 1980; Butchart et al., 1988). Observational studies have also shown the im-
portant role for wave-mean flow interaction (Colucci, 1985; Mullen, 1987; Nakamura et al.,
1997; Colucci, 2001; Woollings et al., 2008; Pelly & Hoskins, 2003a; Woollings et al., 2008;
Altenhoff et al., 2008) and diabatic heating associated with moist processes (Pfahl et al.,
2015). However, what conditions precisely lead to blocking onset is not well understood.
Lack of a definitive theory for blocking onset and disagreement among blocking indices
(Barnes et al., 2012, 2014) has posed a major challenge for the numerical weather prediction
of the midlatitudes (Pelly & Hoskins, 2003b).

Recently, Nakamura & Huang (2018, hereafter NH18) proposed a semi-empirical theory

for atmospheric blocking based on the conservation of finite-amplitude local wave activity
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(LWA). LWA is the amplitude of a Rossby wave measured by the meridional displacement of
quasigeostrophic potential vorticity from zonal symmetry and quantifies the wave’s ability to
modify angular momentum. (Huang & Nakamura, 2016; Nakamura & Huang, 2017, NH18).
The 1D model proposed by NH18 suggests that atmospheric blocks are similar to a ‘traffic-
jam’. Similar to the traffic capacity of a highway, the jet stream has a maximum capacity for
zonal LWA flux. Transient forcings like synoptic cyclones and diabatic heating may force the
LWA to exceed a threshold flux and stall the cyclone traffic. At the threshold, an increasing
LWA decelerates the westerly winds to the point that the zonal LWA flux stops growing,
and blocking manifests as congestion of large-amplitude Rossby waves. NHI18 draw this
conclusion based on 38-year (1979-2016) average of column LWA budget for the exit regions
of the storm tracks in the Northern Hemisphere (NH) winter. Subsequently, Paradise et al.
(2019) use the conceptual traffic-jam model in hypothetical climate states and show that the
blocking statistics are sensitive to the stationary wave amplitude, jet speed and transient
forcings.

While the traffic-jam idea represents one of the possible mechanisms for block formation,
properties of blocking vary widely from episode to episode: location, season, and persis-
tence all add distinctive flavors to blocking events. Any given blocking event can deviate
significantly from the canonical traffic jam description, depending on how the LWA budget
materializes. The upstream seeding of LWA can vary significantly from event to event, and
terms other than the convergence of the zonal flux of LWA (i.e. meridional convergence,
baroclinic generation, diabatic sources) can contribute significantly to the growth of LWA in
some events. Yet the LWA budget approach of Huang & Nakamura (2016, 2017) and NH18
provides a unifying theoretical framework for understanding the diverse properties of block
formation.

In this chapter, we perform a thorough analysis of major persistent anomalies in the jet

streams during the NH winter (ERA-I 1979-2018) and characterize the LWA budget during
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Figure 4.1: A schematic diagram illustrating how to compute the local finite-amplitude wave
activity in Eq. (4.1). The wavy curve indicates a contour of PV, above which the PV values
are greater than below. Inside the red lobes ¢¢ > 0, and inside the blue lobes g < 0. Four
points (x1, x2, x3, x4) with their meridional displacements (114, 72—, 73—, N3+ and 7n4_) are
shown to illustrate how the domain of integral is chosen (adapted from Huang & Nakamura,
2016)

these events. We show that key ingredients of the traffic jam theory, such as the negative
correlation between the zonal wind and LWA and an upper bound for the zonal LWA flux
are widely recognized in the midlatitudes but the relative roles of LWA budget terms vary
significantly depending on the locations, persistence of the events, and the growth and decay
stages of the anomalous events. We restrict our attention to the boreal winter in this study.
Comparisons with summer blocks and the Southern Hemisphere will be deferred to a future

study.

4.2 Theory and methods

4.2.1 The Finite-Amplitude Local Wave Activity (LWA)

We use the finite-amplitude local wave activity (LWA) formalism to quantify the waviness
of the jet stream. LWA is based on the conservation of quasigeostrophic potential vorticity

(PV) (Nakamura & Zhu, 2010; Huang & Nakamura, 2016) and quantifies the amplitude of
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Rossby wave as the meridional displacement of PV contour (q) from a hypothetical, zonally

symmetric wave-free reference state (@) (Huang & Nakamura, 2016):

A(‘ruywzat):‘/[;v qe(x7y+ylaz7t)dy’
—fm e (z,y+y' 2, t) dy’

W+ :OSZ/SU-F (‘x?yuz7t)7 qSQ(yVZ)ﬂ (41)

W_:0>y' >n-(z,y,2,t), ¢>Q(y,2);

where x,y, z are longitude, latitude and pseudoheight respectively in cartesian coordinates,
t is time, ge = ¢— (@ is the eddy potential vorticity and 74, 7- are meridional displacements of
PV contours in the poleward and equatorward directions. See Fig. 4.1 for schematic. Here
Q is the zonally symmetric, Lagrangian-mean reference state defined at equivalent latitude y
(or ¢ in spherical coordinates). See Huang & Nakamura (2016) for the definition of reference

state and equivalent latitude.

4.2.2  The LWA budget

The time evolution of column averaged LWA at a given latitude (¢) and longitude () is
governed by the LWA budget (Huang & Nakamura, 2017). Upon vertical averaging, the

column budget is expressed as

1 9(F)) 19

0
(A = - VA - 2 !
8t< Jcos¢ acos¢p O\ " acosp 0¢' (uevecos™(¢+¢7))
———
zonal LWA flux convergence divergence of meridional eddy momentum flux
0 .
+ feos ( Uele ) +(A)cos¢ (4.2)

diabatic sources and sinks of LWA

meridional eddy heat flux near surface
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where (()) denotes density-weighted vertical averaging, (u, v,0) denote the zonal, meridional
wind velocities and potential temperature. The subscript e denotes the departure from the
reference state (eddy). 6 denotes the area-weighted average of potential temperature over
the NH and a is radius of the Earth. The column averaged zonal LWA flux, (F)) can be

further decomposed as

B A¢ / nocospl o o R e—kz/H )
(F3) = {ugipAcoss) ~al [~ uegecos (6+6)dg') + o (o2 -2 - 41 o) 4
Fy F2 F3

where uppp is the zonal wind speed of the wave-free reference state, 7 + F3 are LWA fluxes
associated with the group propagation of the Rossby waves and Fy represents nonlinear

modification of the advective flux by large-amplitude waves (NH18).

4.2.8  Traffic-jam theory

NH18 applied Egs. (4.2) & (4.3) to ERA-Interim reanalysis particularly in the exit region of
North Atlantic (NA) and North Pacific (NP) storm track during boreal winter [December-
January-February (DJF)| between 1979-2016. They identified three key empirical relations
that form the basis of the traffic-jam model for atmospheric blocking.

The first is an anticorrelation between LWA and the local zonal wind. On synoptic time-
scale the growth of wave amplitude occurs at the expense of local zonal wind and vice-versa.

(Huang & Nakamura, 2017; Nakamura & Huang, 2017). This is expressed approximately as

(u) ¥ (uppr) - a(A) (4.4)

where «a ~ 0.3 denotes the nonlinear interaction strength between LWA and the zonal wind
(Figs. 2B,C in NH18). This is related to the fact that LWA quantifies an ability to modify

the angular momentum of the flow (non-acceleration relation). The value of « is typically
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smaller than 1 and depends on the baroclinicity of the flow and non-conservative processes.

Second, on synoptic timescale % is dominated by zonal LWA flux convergence (NH18),
ie.
1 9

0
(A) cos g » _acosqﬁa

ot

(F\) (4.5)

suggesting that the storm track acts primarily as a waveguide.

Finally, using Eq. (4.5) and assuming F» ~ ((u) - (upgr)) (A)cos¢, NH18 identify
nonlinear relationship in the reanalysis dataset between LWA and its zonal flux. Although
the relationship is obscured by scatter, on average the zonal LWA flux exhibits a unimodal

distribution with respect to LWA, which NH18 simplify as

(Fy)~ ({(upgr) +cq) (A) cosd — a({A)? cos b (4.6)

F1+F3 FQ

where ¢4 is the constant zonal group velocity in the reference state (Fig. 4 in NH18). The
above relation suggests that (F) maximizes at an intermediate value of wave activity defined

by (A¢) = % such that for (A) > (A¢), % < 0 and vice versa. This means that
o

when (A) > (A;) and where LWA increases in longitude (3—A;\> > O), LWA grows with time,

1.e.

9 ) L R _ 1 A dF))

O<§(A)COS¢ T acosg 0N acosd ON d(A)
1 A)Yd[F] 1 9(A)d[(Fy + F)] (4.7)
acos¢p 0N d(A) acosg OA d(A) |

From Eq. (4.6), % > 0 since uppr + ¢¢4 is generally positive and 2[512)] < 0. So

the growth of LWA (%(A)cowb > O) is due to the convergence of the nonlinear flux Fy.
The situation is opposite of the normal downflow advection in which convergence of F + F3
dominates the LWA tendency, and this causes ‘traffic congestion’ of wave activity.

NH18 go on to partition LWA into stationary and transient wave components and show
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that the modulation of the jet speed by a forced stationary Rossby wave provides bottlenecks

to the transient wave traffic and localizes block formation.

4.2.4  Definition of anomalous events and persistence

We evaluate the applicability of traffic-jam mechanism by a Track changes is on nalyzing
all the persistent jet anomalies during the NH winter in ERA-Interim reanalysis data from
1979-2018. We examine the full LWA budget during these events on different timescales.

We define the anomalous wave activity events as {Acos¢) > 55ms~1. The choice may
appear arbitrary but is reasonable because (F)) maximizes at an intermediate wave activity
range of 50 to 60 ms~! in the exit regions of the NP and NA storm track (see Fig. 4 of
NH18), i.e. it is close to the threshold value in the midlatitudes.

In order to identify anomalous events and to quantify their persistence during boreal
winter between 1979-2018, we employ a simple feature-tracking algorithm to the daily wave
activity field [see Eq. (4.1)] for all regions of the NH storm track. The algorithm sequentially
searches for overlapping contours of (A) cos ¢ = 55ms~1. Two consecutive contours 24 hours
apart are considered to be part of the same event if their area of intersection is at least 60%
of their average area. The search for overlapping contours is iterated in a time window of 25
days till no significant overlap is found. This process is repeated for all days during the DJF
months of a given year. Events that persist for less than 3 days are discarded. The location
of anomalous persistent events are identified by the centroid location of the contours and

their persistence is defined by the number of consecutive overlapping days.
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Figure 4.2: (a) Quasistationary LWA (A, cos ¢) in ms~! and (b) the covariance between (A)
and (u) in m2s~2 in the boreal winter averaged for the years 1979-2018. Colored markers
represent the location and persistence of anomalous wave activity events that occurred be-
tween 1979 and 2018 during boreal winter. The two black stars in (a) and (b) denote regions
with maximum negative correlation between (u) and (A) cos ¢.

4.3 Results

4.8.1 Spatial distribution of anomalous events

A pertinent question that we seek to answer is, do all large wave activity events beyond a
certain threshold lead to persistent blocks? Using the tracking algorithm described above, we
identify all the anomalous wave activity events that occurred during boreal winter between
1979-2018. We find that majority of the short-lived events (3-4 days) are distributed roughly
throughout the storm track (gray circles in Fig. 4.2). But the longer events (>5 days) form
clusters over the preexisting quasi-stationary ridge of the NA and to a lesser extent the
NP storm tracks (Held et al., 2002; Wang & Ting, 1999) (Fig. 4.2a). In Fig. 4.2a, the

quasi-stationary LWA (Agcos¢) is defined as the 40-year average of the minimum LWA
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observed during DJF. This agrees well with the prediction of NH18 and Paradise et al.
(2019). Recent modeling work by Narinesingh et al. (2020) also shows the importance of
topographically forced stationary Rossby waves on the persistence of blocking. Additionally,
the event clusters correspond to slightly north of the regions of maximum negative correlation
between wave activity and zonal wind (Fig. 4.2b). The covariance is a measure of the
nonlinear zonal LWA flux [Eqs (4.4) and (4.6)] and maximizes at the exit regions of the
storm tracks (NH18). The spatial distribution of the persistent events are consistent with
the previously identified regions where atmospheric blocks frequently form (Barriopedro
et al., 2006; Pelly & Hoskins, 2003a).

A closer analysis of the long-lived events show that they also capture a few key charac-
teristics of atmospheric blocks (e.g. Nakamura (1994)). Figure 4.3 illustrates the composite
lifecycle of 16 anomalous events that persisted for 7 days in the NA region. Table 4.1 lists all
the events used in the composite. The anomalous wave activity (Fig. 4.3a) captures large-
amplitude Rossby wave which is predominantly anticyclonic characterized by a persistent
high pressure system (Fig. 4.3b) and local deceleration of the zonal wind (Fig. 4.3c).

However, not all anomalous events live long enough to be characterized as atmospheric
blocks. Majority of the large wave activity events still dissipate in 3-4 days. This suggests
that the critical value of LWA (55 ms~1) used to identify persistent events may not exhibit
a sharp threshold behavior, potentially due to contributions from processes other than zonal

convergence of LWA flux such as diabatic processes and damping effects.

4.8.2  LWA budget covariances on different timescales

A key assumption behind the traffic-jam mechanism for block formation is that zonal con-
vergence of LWA flux dominates the LWA variability on synoptic timescale (NH18). While
previous work has focused on the exit region of NH storm tracks, in this section, we re-

evaluate this assumption on different timescales for all locations of the storm track.
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Figure 4.3: Composite 7-day lifecycle of anomalous events in the NA region during NH
winter from 1979-2018 showing (a) (A)cos® in ms~1, (b) geopotential height at 300hPa in
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Table 4.1: NA anomalous events with 7 day persistence

Event number Peak date Location
1 1981-Jan-30 3.0E, 480N
2 1982-Jan-16 9.0 E, 51.0 N
3 1986-Feb-20  37.5 W, 58.5 N
4 1992-Jan-12 12.0 W, 48.0 N
5 1995-Jan-19 33.0 E, 52.5 N
6 1999-Feb-1 1.5 W, 495 N
7 2001-Jan-14 0.0 E, 52.5 N
8 2001-Dec-22  40.5 W, 52.5 N
9 2003-Jan-7  21.0 W, 55.5 N
10 2006-Dec-22 3.0E, 52.5 N
11 2007-Jan-25 27.0 W, 525 N
12 2010-Jan-11 13.5 W, 55.5 N
13 2011-Jan-3 55.5 W, 55,5 N
14 2013-Feb-25 6.0 W, 49.5 N
15 2016-Jan-1 285 E, 57.0 N
16 2017-Jan-19 3.0E, 51.0N

The change in LWA over time At is obtained by integrating the LWA budget Eq. (4.2)

as follows:

A(A)cos ¢ = I(-d,F)

—_———
I(_de1)+I(_sz2)+I(_d:rF3)

+I1(-dyEPy) +1(~EP;|,—0) +I(residual) (4.8)

where I denotes time integral ftHAt ( )dt and (—dxF, ~dyEPy, —EP;|,-, residual) repre-
sent the RHS terms of the LWA budget [Eq. (4.2)] and (-d;Fy, —d;F», —d;F3) represent
the zonal convergence of the RHS terms in Eq. (4.3). We compute the variance of LWA
(LHS) and its covariance with each of the RHS terms in Eq. (4.8) to identify the dominant
contribution to LWA variability for different lengths of time.

For At = 1 day, variance of LWA, A(A)cos¢ (Fig. 4.4a) is widely dominated by its

covariance with time-integrated zonal LWA flux convergence, I(-dz;F’) in the storm track
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Figure 4.4: (a) 1-day variance of LWA and its covariance in m2s~2 with the RHS terms of
LWA budget, namely, (b) zonal convergence of LWA flux, (c) meridional convergence of EP
flux, (d) near-surface meridional eddy heat flux and (e) diabatic sources and sinks [see Eq.
(4.2)]. The black stars denote two locations in the exit regions of NP and NA storm track
(same as in Fig. 4.2).
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Figure 4.5: Same as in Fig. 4.4 but for 15-day variance and covariances.
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regions (Fig. 4.4b). Whereas other terms including meridional divergence of eddy momentum
fluxes, I(—dyEPy) and near-surface meridional eddy heat flux, I(-EP;|,-9) play much
smaller role (Fig. 4.4c,d). The diabatic sources and sink term, I (residual) also contribute
to LWA variance, albeit to a smaller extent over the north eastern portion of the North
American continent, the southern tip of Greenland and the exit region of NP storm track
(Fig. 4.4e). These results are consistent with Huang & Nakamura (2016, 2017).

However for At = 15 day, which approximately corresponds to the maximum duration of
most persistent anomalous wave activity, we find that the relative contribution of I (-d,F)
to LWA variability reduces and other terms in the RHS of Eq. (4.8) gain importance. For
example, the entrance and exit regions of NP storm track sees significant contribution from
diabatic sources, whereas in the entrance region of the NA storm track, both the residual
term and the convergence of the meridional LWA flux are negative, slightly offsetting the
positive convergence of the zonal LWA flux. (Fig. 4.5).

Figure 4.6 illustrates the timescale dependence of the covariance terms at two locations
of the NP and NA storm track exit. The covariance values are normalized by variance of
A(A)cos g, so all the terms in Fig. 4.6 a,c add up to 1. The terms that are closer to 1
explain maximum variance in A(A) cos ¢.

In the NA region, the zonal convergence of LWA flux term, I (-d,F") dominates the LWA
variability up to a timescale of ~20 day (red line in Fig. 4.6a) while the rest of the terms
are very small. For the most part, I (-d;F") is dominated by the linear component of zonal
LWA fluxes, I (-d;F| — d,F3) (blue and red lines in Fig. 4.6b). Beyond 20 days, the diabatic
source and sink term, I (residual) become important (black line in Fig. 4.6a). Additionally
around ~18 day timescale, both linear, I (-d;F] — d;F3) and nonlinear, I (-d,F5) compo-
nents of zonal LWA flux contribute equally to the total flux convergence (blue and orange

lines in Fig. 4.6b)!1. This suggests that traffic-jam mechanism may be relevant only for very

1. The linear component of zonal LWA fluxes is due to group propagation of the Rossby waves and the
nonlinear component is due to nonlinear modification of the flux by large-amplitude waves [see Eq. (4.3)].
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Figure 4.6: Covariance of LWA (A(A)cos¢) with (a,c) RHS terms of the LWA budget [see
Eq. (4.8)] and (b,d) decomposition of zonal LWA flux convergence as function of timescale
at the exit region of NA (top) and NP storm track (bottom). The covariance values are
normalized by (AAcos¢)2. The gray shading denotes the region less than 1.

long timescales in the NA.

In the NP region, the zonal convergence of LWA flux term, I (-d;F") dominates the LWA
variability up to a very short timescale (<8 days). In contrast to the NA, the diabatic source
term, I (residual) has significant contribution even on synoptic timescales (<10 days) (black
and red lines in Fig. 4.6c). The rest of the terms I(-EP;|,—), I(-dyEP,) are however
small (Fig. 4.6¢). Around 10 day timescale, the linear and non-linear components of LWA
flux contribute equally to the total flux convergence (orange and blue lines in Fig. 4.6d).
This suggests that in the Pacific region, the traffic jam mechanism may be acting at much
shorter timescales than in the Atlantic.

Crossing of the blue and orange curves in Fig. 4.6b,d is a circumstantial evidence for
traffic jam mechanism at work. Overall, the covariance analysis reveals the predominance
of the zonal LWA flux in controlling LWA in the storm tracks but also suggests that the

traffic-jam dynamics is timescale dependent.
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Onset phase for 3-7 days persistence [North Atlantic]

(a) MA (b) (—dxF) (c) I(—dyEPy) (d) I(—EP4|;=0) (e) I(residual)
60 60 60
° 10 ° 10 ° 10 ° 10 ° 10+
o kel 20 © 20 © 20 ©
2 0 2 0 2 0 2 0 2 0
= B 20 B 20 B 20
- -10 —-10 —-10 - -10 —-10-
, y ) Y / 1 %60 i 1 %60 ) ‘ 1 %60 , __l .
-50 0 50 -50 0 50 -50 0 50 -50 0 50 -50 0 50
longitude longitude longitude longitude longitude
Decay phase for 3-7 days persistence [North Atlantic]

(f) AA (9) 1(—dyF) (h) I(—dyEP) (i) I(—EPz|z=0) )] I(residual)

10 &0 10 60 10 60 10 &0 10
3 20 B 20 3 20 8 20 3
2 0 { 2 o 2 0 2 0 2 o
] 20 § 20 § 20 & 20 §
--10 —-10- —-10 --10 —-10-

60 -60 -60 60
-50 0 50 -50 0 50 -50 0 50 -50 0 50 -50 0 50
longitude longitude longitude longitude longitude

Figure 4.7: (a,f) Change in LWA and the corresponding change in RHS terms of the time
integrated LWA budget [see Eq. (4.8)], namely, (b,g) zonal convergence of LWA flux, (c,h)
meridional divergence of eddy momentum flux, (d,i) near surface meridional eddy heat flux
and (e,j) diabatic sources and sinks of LWA during the onset (top) and decay (bottom) of
short-lived (3-7 day) anomalous events in the NA storm track. The black contour represents

(A(tpeak)) cos ¢ =55 ms~1 where A(tpeqr;) denotes composite mean of LWA during the peak
of events. The x,y axes are longitude & latitude shifted with respect to the centroid location
of the anomalous events (black star).

4.3.8  Wawve activity budget of anomalous events

The foregoing analysis underscores the general importance of the zonal propagation of LWA
in the storm track regions, but it has been applied to uniformly sampled periods during the
boreal winter. Here we apply the same analysis to composites of anomalous wave activity
events to determine what controls their growth and decay.

We divide all the events identified in section 4.3.1 into two categories based on their
persistence: (1) 3-7 days and (2) 8-16 days. Time-integrated LWA budget Eq. (4.8) is
applied to composites of each category separately in their onset stage and decay stage. The
onset stage is defined for At = ;0,1 ~tonset and the decay stage is defined for At = ey ~tpeak

where tdecay — tonset represents persistence of each event.
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Onset phase for 3-7 days persistence [North Pacific]
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Figure 4.8: Same as in Fig. 4.7 but for short-lived (3-7 day) anomalous events in the NP
storm track.

Short-lived anomalous events

A composite analysis of the short-lived (3-7 day) anomalous events in the NA and NP cluster
are shown in Figs. 4.7 and 4.8 respectively. NA cluster includes events whose centroid loca-
tions are inside 60°TW to 60°E longitude and 45N to 60N latitude. NP cluster includes events
whose centroid locations are inside 120°E' to 120°W longitude and 45N to 60N latitude (See
Fig. 4.2). Refer Appendix B for the list of events in the two clusters.

During the onset stage of NA events, the increase of LWA, A(A)cos¢ (Fig. 4.7a) is
predominantly balanced by positive contribution from zonal flux convergence, I (-d;F") (Fig.
4.7b) and a smaller negative contribution from the residual term, I (residual) (Fig. 4.7e).
Other terms including meridional divergence of eddy momentum flux, I (—dyEPy) and near
surface meridional eddy heat flux I (-F P,|,-0) play no significant role in the growth of wave
activity (Fig. 4.7¢,d).

During the decay stage of NA events, the decrease of LWA, A(A)cos¢ (Fig. 4.7f) is
largely due to the negative contribution from the residual term, I (residual) (Fig. 4.7j). This
term likely represents dissipation of LWA by mixing process (local dissipation of enstrophy).

Interestingly the contribution from the zonal flux convergence, I (-d,F') is still positive, but
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Onset phase for 8-16 days persistence [North Atlantic]
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Figure 4.9: Same as in Fig. 4.7 but for persistent (8-16 day) anomalous events in the NA
storm track.

it is overwhelmed by the negative residual term (Fig. 4.7j). Other terms including meridional
divergence of eddy momentum flux, I (—dyEPy) and near surface meridional eddy heat flux
I(-EP;|,-0) play no significant role in the decay phase of wave activity (Fig. 4.7h,i).

Contrary to the NA events, during the onset stage of the short-lived NP events, both
zonal flux convergence, I(-d,F') (Fig. 4.8b) and near surface meridional eddy heat flux
I(-EP;|,—) (Fig. 4.8d) contribute to the growth of LWA, A(A)cos¢. The magnitude of
other terms including meridional divergence of eddy momentum flux, I(—dyEPy) and the
residual term, I (residual) (Fig. 4.7c,e) are also comparable, but they do not contribute to
the overall growth of the wave.

During the decay stage of the short-lived NP events, the decrease of LWA, A(A) cos¢
(Fig. 4.8f) sees a negative contribution from all the terms (particularly the convergence

of the zonal LWA flux I(-d;F")) except the near-surface meridional eddy heat flux which

remains positive I (-EP;|,-g) (Fig. 4.8g-1).
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Onset phase for 8-16 days persistence [North Pacific]
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Figure 4.10: Same as in Fig. 4.9 but for persistent (8-16 day) anomalous events in the NP
storm track.

Persistent anomalous events

A composite analysis of the persistent (8-16 day) events in the NA and NP clusters are
shown in Figs. 4.9 and 4.10.

Similar to the short-lived events, the onset stage of the persistent events in NA region sees
an increase in A(A) cos ¢ (Fig. 4.9a) which is dominated by positive contribution from zonal
flux convergence, I (-d,F') (Fig. 4.9b) and damping effect from the I (residual) (Fig. 4.9¢).
However, the other two terms; I (—dyEPy) and I (-EP;|,-g) are not negligible. Particularly,
the near-surface meridional eddy heat flux plays some role in the growth of the wave (Fig.
4.9d). During the decay stage of the persistent events, the flux distributions are similar to
those during the growth stage, but their magnitude decreases overall, and this yields a net
negative A(A)cos¢ (Fig. 4.9f). (Note that for the persistent events, the change in LWA is
relatively small compared to the individual flux contributions.)

The persistent events in the NP region are qualitatively similar to the short-lived events
except that each of the terms are relatively of higher magnitude (Compare Figs. 4.10 and
4.8). In summary, the composite analysis shows that for all the anomalous events in the

NP and NA cluster, zonal convergence of LWA plays a dominant role in the growth of wave
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3-7 day persistence in North Atlantic storm track
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Figure 4.11: Composite longitude-time diagram of (a,f) LWA, (b,g) (F)), (¢,h) F1 + F3 and
(d,i) F2 in the NA storm track. (e,j) shows the 1D composite time evolution of the LWA
fluxes shown in left but measured at the centroid of the events where the upper x axis is for
(Fy) (black dashed line) and bottom y axis is for F14+F3 (red line) and F2 (blue line). The
red, blue and black curves are composite mean and the shading denotes 1 standard deviation
from their mean values. Top row is for events with 3-7 days persistence and bottom row is
for events with 8-16 day persistence. The black contours denote {A)cosp = 55ms=1. The x
axes is longitude shifted with respect to the centroid location of the anomalous events

activity during the onset stage. Except for the short-lived events in the Pacific, the residual
term? has a damping effect on wave activity. Near surface meridional eddy heat flux also aids
in the growth of wave activity, albeit its effect is stronger in the NP region. The meridional
eddy momentum flux divergence plays no significant contribution to the growth of anomalous

wave activity.

2. The residual term involves all the non-conservative sources and sinks of LWA which includes diabatic
heating, dissipation through mixing, radiative and Ekman damping.
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3-7 day persistence in North Pacific storm track
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Figure 4.12: Same as in Fig. 4.11 but for NP storm track.

4.3.4  Zonal LWA flux evolution of anomalous events

(F2)and (F1+F3)

While zonal convergence of LWA flux plays a dominant role during the onset of anomalous
wave activity, a key question about the relevance of traffic-jam mechanism still remains: To
what extent does the LWA flux exhibit a ‘threshold behavior’ as predicted by the traffic-
jam theory? In other words, is the blocking onset marked by a maximum zonal LWA flux,
followed by a precipitous drop in the flux as blocks mature? [See Eq. (4.6)]. To address this
question, we analyze the composite time-evolution of LWA (A cos ¢), LWA flux (F) and its
decomposition into linear (F7 + F3) and nonlinear (F3) components for both short-lived and
persistent anomalous events in the NP and NA clusters (Figs. 4.11 and 4.12).

For the anomalous events of NA region, the increase in LWA around day 0, (A cos ¢) (Figs.
4.11a,f) is accompanied by a corresponding increase in the linear component of the flux,

F1+F35 (Figs. 4.11c,h). At the same time, the magnitude of negative nonlinear component, F5
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also increases (Figs. 4.11d,i). As a result of their partial compensation, the total zonal LWA
flux maximizes shortly before the event in the immediate upstream (Figs. 4.11b,g). These
observations qualitatively agree with the (A)-(F)y) relationship prescribed by the conceptual
‘traffic-jam’ model [see Eq. (4.6)].

However, for the short-lived events the negative increase of nonlinear component, Fy is
not large enough to fully compensate the positive increase of linear component, Fj + F3. As
a result, the net LWA flux, (Fy) around day 0 is weaker but not completely suppressed (Fig.
4.11b). On the other hand, in case of persistent events of the NA region, the magnitude
of nonlinear component, Fy around day 0 is large (Figs. 4.11h) and overcompensates the
increase of flux due to linear component, Fy + F3 (Fig. 4.11g). As a result, the net LWA flux,
(F)) is efficiently suppressed during the peak of the anomalous persistent event (Figs. 4.11f).
The upper bound of the net LWA flux (Fj,qz) for NA region is found to be ~ 500m?2s~2.

The composite of events in the NP show similar time evolution of LWA and LWA fluxes
compared to those in the NA. However, the upstream seeding of LWA flux is noticeably
weaker than in the NA (Fig. 4.12). Fynqe for NP region is found to be ~ 250m2s=2.

In summary, in both the NA and Pacific regions, the LWA flux, (F)) is suppressed
past the peak when blocks mature (See Figs. 4.11j and 4.12j). However, the suppression
of the flux is incomplete for the short-lived anomalous (3-7 days) events due to partial
compensation between linear and nonlinear LWA flux components (See Figs. 4.1le and
4.12e). The incomplete suppression of the flux and the short duration of blocks are arguably
due to short-lived seeding of LWA flux from upstream. Complete, persistent blocking of a

traffic requires a sustained influx of traffic from upstream.

4.4 Summary and discussion

The 1D traffic-jam model is a conceptual model for atmospheric blocking and is built on three

key ingredients: 1) LWA and the zonal wind are anti-correlated where the regression slope
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gives a measure of nonlinear interaction strength, 2) the column averaged LWA is driven
by zonal convergence of LWA flux, and 3) there exists an upper bound for the zonal LWA
flux beyond which the flux decreases with an increasing LWA due to nonlinear wave-flow
interaction noted in section 4.3.4. The goal of this study is to quantify the extent to which
the above descriptions hold in the real atmosphere for cases of large wave activity events.

We analyze the column-averaged LWA budget in DJF during the years 1979-2018 using
ERA-Interim Reanalysis dataset. For synoptic timescales, the role of zonal LWA flux is of
leading order of importance in the wave activity budget. However, for longer timescales (>15
days), other processes including diabatic heating and near-surface meridional eddy heat flux
also play important role.

Motivated by results from NH18, we identify the anomalous large wave activity events
using a feature-tracking algorithm with the criteria LWA > 55 ms~—1. We find that most of
the anomalous persistent events form two clusters, one over the FEuro-Atlantic sector and
the other over the Pacific sector. The geographical distribution of these events is consistent
with the climatology of atmospheric blocks found using other blocking indices (Tibaldi &
Molteni, 1990; Barnes et al., 2014). The clusters are also collocated with regions of stronger
quasi-stationary wave activity and maximum anti-correlation of LWA and zonal wind. These
results are consistent with NH18 and Paradise et al. (2019) which is suggestive of the fact
that on an average large wave activity events become persistent by traffic-jam mechanism.

However, the traffic-jam mechanism is timescale- and location dependent. In the Euro-
Atlantic sector, the zonal flux of LWA plays a dominant role up to around ~ 18 days beyond
which the residual term becomes more important. The low-level eddy heat flux also becomes
a source of LWA, albeit at much longer timescales (>30 days) at the entrance region of the
storm track. The effect of the nonlinear zonal LWA flux is small on short timescales and it
overtakes the linear effect at around 20 days. In contrast, in the Pacific sector, the linear and

nonlinear LWA flux contributions become comparable around ~ 8 days. And overall there
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is a much stronger influence of the residual term compared to the Atlantic. These results
suggest that in the Atlantic sector, while zonal LWA flux generally plays more important
role than in Pacific, but the nonlinear effect manifests at much longer timescales. These
observations are consistent with Nakamura et al. (1997) who showed that the low-frequency
dynamics plays a greater role in the formation of Furo-Atlantic blocks, whereas transient
wave forcing plays more important role in the Pacific.

The residual term includes all the nonconservative processes that affect LWA, namely,
damping through mixing (local dissipation of enstrophy) and wave activity source by diabatic
heating (latent heating). The more significant role of the residual term during the growth
phase of the anomalous events in the NP suggests that latent heating may be playing an
important role during the growth of large wave activity events. Note the positive contribution
of the residual term in Figs. 4.8e and 4.10e., and also in the upstream of the block in Fig.
4.9e. This is consistent with a recent work by Pfahl et al. (2015) who showed that in addition
to horizontal advection of potential vorticity, the ascent from lower levels associated with the
latent heating in clouds is equally important for the formation and maintenance of certain
cases of atmosphere blocks. Although it is difficult to evaluate directly the contribution
from diabatic heating to the anomalous wave activity event, the residual of the LWA budget
appears to capture some aspects of it. However, the predominant role of the residual term
during the life cycle of an anomalous event (in both regions) is to damp LWA, particularly
during the decay phase of blocks, presumably associated with destruction of LWA by mixing.
This lends support to the linear damping representation of LWA sink in NH18 and Paradise
et al. (2019).

Finally, using composite analysis of the anomalous events, we show that most persistent
events are associated with stronger nonlinear modification of large-amplitude Rossby waves.
In such cases the total LWA flux is effectively suppressed. In contrast, the short-lived anoma-

lous events are associated with weaker nonlinear component of LWA flux which results in
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ineffective flux suppression, although even for these events the zonal LWA flux does reach
a peak value, a tipping point for spontaneous accumulation of LWA. The fast dispersal of
short-lived events may be attributed to a short supply of LWA input from the upstream to
sustain LWA accumulation against damping.

In summary, we show that despite substantial variations among individual events most
of the long-lived events exhibit essential elements of the canonical traffic-jam description.
In the current climate, the exact value of LWA at which the zonal flux of LWA maximizes
shows significant scatter between 50-60 ms~1. However, a changing climate may shift this
range significantly and affect the frequency/persistence of blocks (NH18, Paradise et al.,
2019). Therefore, this dynamical framework can be useful for understanding the trends of
atmosphere blocking in past and future climate states (Woollings et al., 2018).

Although the main goal of this study is to elucidate the LWA budgets associated with
large, persistent wave events, the theoretical framework is applicable for a broad range of
topics associated with the storm track dynamics. For example, Figs. 4.4 and 4.5 identify
the regions in which diabatic heating is potentially important as a forcing mechanism of
synoptic- to intra-seasonal scale disturbances. They also reveal a surprisingly small role of
low-level meridional heat flux as a forcing mechanism. In future, the wave-activity budget

will be used to evaluate the lifecycle of a cyclone to study the storm track dynamics.
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Figure 4.13: Frequency distribution of anomalous events for different threshold values

4.5 Appendices

4.5.1 Appendix A: Sensitivity of anomalous events to threshold value

Figure 4.13 shows the frequency distribution and Figure 4.14a,b shows the geographical

distribution of anomalous events for different threshold values of local wave activity.
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CHAPTER 5
CONCLUSIONS

Extratropical storm tracks play a major role in shaping the Earth’s climate by transporting
energy, moisture and momentum through the atmosphere. Any change in their average
position and intensity will have a major impact on the midlatitude weather and global
climate.

In this thesis, we use energy and momentum conservation equations to study the dynam-
ics of extratropical storm track on different timescales. The main goals of this thesis are (i)
to develop a new energetic framework for storm track shift that can be connected to external
radiative forcings, (ii) to provide a deeper understand about why storm tracks exhibit dif-
ferent hemispheric seasonality on Earth, and (iii) to improve our dynamical understanding
of atmospheric block formation within the storm track.

In Chapter 2, we developed a new Moist Static Energy (MSE) framework for storm track
position and used it to understand storm track shifts in response to seasonal insolation, El

Nino minus La Nina conditions and two hypothetical warming scenarios. We found that:

e The net energy input in the atmosphere is not a dominant contribution for storm track

shifts across the timescales considered.

e The stationary eddy contribution dominates the storm track shift in response to sea-
sonal insolation, El Nino minus La Nina conditions, and increased CO9 over land in

the Northern Hemisphere.

e The mean meridional circulation contribution dominates the shift in response to in-
creased sea surface temperature during boreal winter in Northern Hemisphere and

during May and October in the Southern Hemisphere.

e The equatorward storm track shift in response to El Nino minus La Nina conditions
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during boreal winter involves a different regime than the poleward shift in response to

increased CO9 even though the tropical upper troposphere warms in both cases.

In Chapter 3, we use the MSE framework with idealized modelling experiments to explain
why storm tracks exhibit hemispheric asymmetry in seasonal timescale even though both

hemisphere receive roughly the same solar insolation.

e We start with an assumption that Southern Hemisphere is like a large mixed layer
depth regime due to greater ocean coverage and the Northern Hemisphere is like a

small mixed layer depth regime due to relatively larger land coverage.

e We then define a critical mixed layer depth d. using scaling analysis and hypothesize
that 1) large mixed layer depths (d > d.) produce surface heat fluxes that are out of
phase with shortwave absorption and 2) small mixed layer depths (d < d.) produce
surface heat fluxes that are in phase with shortwave absorption. By MSE balance,
storm track seasonality must be small for large mixed layer depth and it should be

large for small mixed layer depth.

e We establish the casual role of surface fluxes in modulating storm track seasonality by
varying the mixed layer depth in (1) a zonally symmetric slab-ocean aquaplanet with

zero ocean energy transport and (2) a 1D energy balance model with fixed diffusivity.

e We show that the aquaplanet simulations confirm the large mixed layer depth hypoth-

esis and yield a useful idealization of the SH storm track.

e However, the small mixed layer limit does not yield a useful idealization of the NH

storm track due to larger contribution of the Ferrel cell and atmospheric storage.

e We show that the EBM qualitatively supports the aquaplanet results.

In Chapter 4, we used the finite amplitude local wave activity budget and performed

a careful analysis of major persistent anomalies in the jet streams during the Northern
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Hemisphere winter. The main goal of this study was to identify signatures of traffic-jam

mechanism during the onset of persistent anomalies. We found that:

e The role of zonal LWA flux is of leading order of importance in the wave-activity
budget for synoptic timescales. However, for longer timescales (>15 days), other pro-
cesses including diabatic heating and near-surface meridional eddy heat flux also play

important role.

e Using an LWA threshold of 55m/s in a feature-tracking algorithm yields a reasonable
distribution of persistent jet anomalies that resemble winter-time atmosphere blocks

in terms of their geographical distribution and persistence.

e Most of the anomalous persistent events form two clusters over the Euro-Atlantic sector
and the Pacific sector which are collocated with regions of stronger quasi-stationary

wave activity and maximum anti-correlation of LWA and zonal wind.

e The influence of zonal LWA flux in the North Atlantic sector is dominant for longer
timescale (up to ~20 days), whereas in the Pacific sector, both diabatic heating and

zonal LWA flux are equally important in the wave activity budget.

e Most persistent events are associated with stronger nonlinear modification of large-
amplitude Rossby waves. In such cases the total LWA flux is effectively suppressed
and the events show ‘threshold behavior’. In contrast, the short-lived anomalous events
are associated with weaker nonlinear component of LWA flux which results in ineffective

flux suppression. Such cases do not exhibit ‘threshold behavior’.

e Overall, the results suggest that on an average large wave-activity events become per-
sistent by traffic-jam mechanism. The fast dispersal of some anomalous events may be
attributed to damping effects from non-conservative processes like dissipation through
mixing, radiative & Ekman damping and dissipation due to meridional eddy momen-

tum flux divergence.
114



This thesis advances our understanding about storm track dynamics on different time-
scales. Chapter 2 introduces a new moist static energy framework which is a first attempt
to make a quantitative connection between storm track shift and radiative forcing. Chapter
3 successfully uses the framework in idealized modelling experiments to explain hemispheric
asymmetry in storm track seasonality. However, our new framework has a much wider scope
of application. In future, it can be used along with other theoretical frameworks to study
storm track changes in response to different anthropogenic forcings, namely, ozone hole re-
covery, black carbon warming or in a snowball earth. Finally, chapter 4 evaluates a relatively
new traffic-jam model for wintertime atmosphere blocking using reanalysis dataset. The sim-
plicity of the model and its effectiveness in application to realistic meteorological dataset is
encouraging. In future, it can be used with realistic climate change simulations from Coupled
Model Intercomparison Project - Phase 6 to test several hypothesis about future projections

of atmosphere blocking.
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