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ABSTRACT

The observed zonal-mean extratropical storm tracks exhibit distinct hemispheric seasonality. Previously,
the moist static energy (MSE) framework was used diagnostically to show that shortwave absorption (inso-
lation) dominates seasonality but surface heat fluxes damp seasonality in the Southern Hemisphere (SH) and
amplify it in the Northern Hemisphere (NH). Here 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 transport and 2) energy balance model (EBM) simulations. Using a scaling analysis we
define a critical mixed layer depth d, and hypothesize 1) large mixed layer depths (d > d,) produce 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

753

depth in an EBM qualitatively supports the aquaplanet results.

1. Introduction

The zonal-mean extratropical storm tracks exhibit dis-
tinct hemispheric seasonality. In the Northern Hemisphere
(NH) the storm track weakens by ~2.5 PW and shifts
poleward by ~10° from winter to summer. The Southern
Hemisphere (SH) storm track shows much smaller
seasonality (<1 PW intensity change and <3° shift;
Chang et al. 2002; Shaw et al. 2016). Overall, storm-
track seasonality is much larger than changes due to
global warming or interannual variability (O’Gorman
2010; Barpanda and Shaw 2017, hereafter B17; Shaw
et al. 2018, hereafter S18).

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 temperature. For example, the Eady pa-
rameter, which peaks where baroclinicity is largest, has
been used to explain storm track seasonality excluding
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the midwinter minimum (Nakamura 1992; Chang et al.
2002). In addition, Kushner and Held (1998) showed
that the seasonality of the storm tracks in the lower tro-
posphere follow a downgradient diffusive model; that is,
they follow the seasonality of the time-mean temperature
gradient. Finally, O’Gorman (2010) showed that the sea-
sonality of zonal-mean storm track intensity follows mean
available potential 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 and Schneider 2008).

The second group focuses on moist static energy
(MSE). Recently, B17 and S18 developed a framework
for zonal-mean storm track position and intensity based
on the MSE budget. It provides a clear connection be-
tween storm tracks and seasonal insolation. In particu-
lar, storm track position and intensity are related to net
energy input (top-of-atmosphere radiation minus sur-
face fluxes and atmospheric storage) and MSE transport
by the stationary circulation (mean meridional circula-
tion and stationary eddies). B17 and S18 showed that
the MSE framework could be used to test the hypothe-
sis that top-of-atmosphere (TOA) insolation controls
storm track seasonality. The test revealed insolation

© 2020 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright

Policy (www.ametsoc.org/PUBSReuseLicenses).


mailto:tas1@uchicago.edu
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

754

controls the phase of storm track seasonality but not the
amplitude. The MSE framework was subsequently used
diagnostically to show shortwave absorption (TOA minus
surface shortwave) dominates the seasonality of storm
track intensity and the factor accounting for the hemi-
spheric 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 sta-
tionary 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 seasonal mean temperature—
storm track relationship is not causal because storm tracks’
feedback on the mean temperature structure (Hoskins
and Valdes 1990; Shaw et al. 2016). Second, storm
tracks interact with components of the MSE framework:
storm tracks produce clouds, which impact the cloud ra-
diative effect (Ceppi and Hartmann 2015), storm tracks
affect the amplitude of stationary eddies (Held et al.
2002) and eddy momentum fluxes drive the Ferrel cell
(Schneider 2006). Nevertheless, the MSE framework is
appealing because it includes external control parameters,
for example, 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 storm track seasonality.

Here we hypothesize that surface fluxes (surface short-
wave radiation minus surface heat fluxes) modulate the
seasonality of zonal-mean storm tracks. We focus on sur-
face fluxes because 1) they can be controlled by an ex-
ternal 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 storm track intensity. We are also
motivated by previous work that demonstrated the impact
of mixed layer depth on the zonally symmetric slab-ocean
aquaplanet climate. In particular, aquaplanet simulations
with a S0m 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 1m
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 and Schneider 2008).
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We test our hypothesis by varying the mixed layer
depth in zonally symmetric slab-ocean aquaplanet
simulations without ocean energy transport. In addi-
tion, we vary the mixed layer depth in an EBM to
understand connections to storm track frameworks
based on mean surface temperature. We focus on
zonally symmetric storm tracks as a first step in un-
derstanding the different hemispheric seasonality of
zonal-mean storm tracks on Earth. While the NH
storm track 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 cir-
culation in the zonally symmetric aquaplanet.

The paper 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 simu-
lations in section 3. In section 4, we test our hypotheses
using the aquaplanet simulations, fully diagnose storm
track seasonality using the MSE framework and relate
the aquaplanet results to the observed storm tracks. We
also examine the response of the EBM to changes in
mixed layer depth, including its impact on mean surface
temperature. The conclusions and discussion are sum-
marized in section 5.

2. Energetic framework and hypotheses

B17 and S18 derived an energetic framework for
storm track position and intensity based on the atmo-
spheric MSE budget:

Py + Fg + Frg = ([Fgia D) = 0,([A]) = Fg (1)

where Fywv = 0,([v][m]), Fsg =0,([vm’]), and Frg =
dy([vm’]) are the MSE flux divergence 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, 7 is
temperature, L is the latent heat of vaporization, ¢ is
specific humidity, and @ is geopotential; the overbar and
square brackets denote monthly and zonal averages,
respectively, with the prime and the asterisk represent-
ing deviations from those averages, respectively; an-
gle brackets denote mass-weighted vertical integration;
9y(-) = dg[cosd(-)]/a cos¢ is the meridional divergence
in spherical coordinates, where ¢ is latitude and a is
the radius of Earth; ¢ is time; and /4 is the thermal energy
(h = ¢,T + Lq). The net energy input Fyg is the differ-
ence between energy input to the atmosphere [Fgia =
Froa — Fspc] and atmospheric storage d,([k]); that is,
Fxe = Froa — Fsee — 9,([h]), where Froa is TOA radia-
tion and Fggc is surface fluxes. The net energy input can
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be further decomposed following Donohoe and Battisti
(2013); that is,
F

ne = F

SWABS +F

SHF

—For =9, (W) ’ (2)

where Fswaps is shortwave absorption in the atmo-
sphere (TOA minus surface shortwave radiation), Fspgr
is surface heat flux (surface longwave radiation plus
turbulent surface latent and sensible heat fluxes) and
For r is outgoing longwave radiation (OLR).

The storm track position ¢, is identified as the latitude
where the transient eddy MSE flux divergence is zero; that
is, Frg|, = 0. The storm track intensity / is the value of
zonal-mean transient eddy MSE flux at the storm track
position; that is, I = 2mra cos ¢, ([v'm'])|, . Note that storm
track intensity is negative in the SH and thus Al > 0
indicates a weakening of the SH storm track. S18
showed that defining storm tracks using a monthly av-
erage 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, Figs. Al and A2).

According to the MSE framework, a change in
storm track intensity A/ is decomposed into contri-
butions from net energy input integrated poleward of
the storm track and MSE fluxes by the mean merid-
ional circulation and stationary eddies at the storm
track position:

AT = Al — Al

MM

—Al, 3)

where Ing = 27a® cos ¢ i}z cos ¢Fnedd, Ivim =27ra cos ¢,
(vllm])|4,, and Isg =2macos (bs([ﬁ*m*]ﬂ% (S18, sec-
tion 2, for details). Similarly, a change in storm track
position A¢ is decomposed into contributions from net
energy input A¢ng, mean meridional circulation Agy,
stationary eddies A¢sg, and a cross term Adcr:

Ap = A¢NE + A¢MM + A¢SE + A¢CT’ (4)

where A¢cr arises from nonlinearities (see B17, sec-
tion 2, method 2, for details).

To illustrate a diagnostic application of the MSE
framework, we quantify the seasonal evolution of storm
track intensity as an anomaly relative to the annual mean
for 2000-15. (Note that 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 surface shortwave) data with MSE flux and atmo-
spheric storage data from ERA-Interim. The surface heat
flux is calculated as a residual of the MSE budget in (1).
Following S18, when computing the contributions to Ing
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the global mean is subtracted prior to computing the
spatial integral over the polar cap to ensure the implied
energy transport at ¢, is independent of whether the in-
tegral is computed from the South Pole to ¢, or the North
Pole to ¢;. In addition, the reanalysis uncertainty is de-
fined as the difference between ERA-Interim and NCEP
over the 2000-15 period and is ~0.3 PW.

According to the MSE framework, the seasonality of
SH storm track intensity is negligible and follows the
evolution of net energy input (cf. red and magenta lines,
Fig. 1a). The seasonality of NH storm track intensity is
large and mostly follows the evolution of net energy
input (cf. red and magenta lines, Fig. 1b). Stationary
eddies contribute to a midwinter minimum in the NH
(blue line, Fig. 1b). Therefore, from a zonally symmetric
perspective, the different hemispheric seasonality of
storm track intensity is connected to the seasonality of
net energy input. Decomposing the net energy input
following (2) shows that shortwave absorption (insola-
tion) dominates seasonality in both hemispheres (or-
ange line, Figs. 1c,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. 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. 1d). Thus, the different hemispheric
seasonality of storm track 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 storm track seasonality we focus on surface fluxes.
Surface fluxes and surface heat fluxes are connected via
the surface energy budget:

oT .
—dpc ZS+V.F, (5

FS 7P, 9t o

re ~ Fsw, ~ Fsur
where Fgw,, is surface shortwave radiation, d is mixed
layer depth of the ocean, p, is density of water, ¢, is
specific heat capacity of water, 7y is sea surface temper-
ature (SST), and V - F, is the ocean energy flux conver-
gence. If ocean energy transport F, is negligible (a
reasonable assumption for the extratropics and seasonal
time scale; see Figs. 4c and 5c 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 storm
track seasonality as follows:
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FIG. 1. (a),(b) Decomposition of storm track intensity as an anomaly relative to the annual-mean A/ into con-
tributions from net energy input AlNg, stationary eddies Algg, and mean meridional circulation Alyp. (€),(d)
Decomposition of net energy input Alxg contribution to storm track intensity anomaly into atmospheric shortwave

absorption Algwags, surface heat flux Alsyr, outgoing longwave radiation Aoy g, and atmospheric storage Al ;-

(left) SH and (right) NH for ERA-Interim.

1) If the mixed layer depth is large then surface fluxes
become large enough to compensate TOA radiation,
that is, AFsrc = AFroa, the seasonality of net energy
input is small, shortwave absorption is out of phase with
surface heat fluxes, and storm track seasonality is small.

2) If the mixed layer depth is small then surface fluxes
are small, that is, AFspc < AFroa, the seasonality of
net energy input is large, shortwave absorption is in
phase with surface heat fluxes, and storm track sea-
sonality is large.

The phase relationships between shortwave absorp-
tion and surface heat fluxes were deduced as follows. If
the mixed layer depth is large, then

AFgpe = AFo) = AFop ~ Foy  — Afgyp
= AFGyaps — AFg p ~ ~AF gy,
= AFGyaps ~ ~AFgyp » (6)

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

AFg..~0= AF,

SW sfe

—AFg~0

= AFgy o ~ AFgur

= AF,

SWABS

AF‘SHF ’ (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; that is,

_ (1-a)s,T _
P,C, T

o N

10m, (8)

where a = 0.3 is the planetary albedo, Sy = 500 Wm ™ ?is
the maximum insolation in the extratropics, Ty = 300K
and T = 1 year. Here we follow the scaling conventions
in Vallis (2006).

3. Model simulations
a. Aquaplanet

We perform zonally symmetric slab-ocean aquaplanet
simulations using two different general circulation models
(GCMs): 1) Isca (Vallis et al. 2018) and 2) Geophysical
Fluid Dynamics Laboratory (GFDL) Atmospheric Model
2.1 (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
and Miller 1993) and are configured with spectral T42
resolution and 40 unevenly spaced sigma levels. A constant
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FIG. 2. Seasonal amplitude of (a) TOA radiation (red), surface flux (blue), and 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.

planetary albedo of « = 0.3 is prescribed in Isca. The
GFDL simulations use a multiband radiation pa-
rameterization (Freidenreich and Ramaswamy 1999),
the relaxed Arakawa-Schubert convection scheme
(Moorthi and 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 convec-
tion schemes and the inclusion of cloud radiative effects.
Both aquaplanets are configured as follows: ocean en-
ergy flux convergence is zero, obliquity is 23.4°, eccentricity
is zero and the concentration of greenhouse gases are:
CO, = 348 ppmv, CH4 = 1650 ppbv, N,O = 306 ppbv, and
CFCs are zero. A climatological stratospheric 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 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 in the
section 4 and the GFDL simulations in appendix B.

b. Energy balance model

We use the Climlab EBM (Rose 2018), which solves
an equation for surface temperature 7 based on the
TOA energy budget:

T, . B Dy, aT,
C e (1-a)Q—(A+BT)+ co:d) s (cosqb a¢)’
)
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FIG. 3. (a),(c) Decomposition of storm track intensity as an anomaly relative to the annual-mean A/ into con-
tributions from net energy input AlNg, stationary eddies Alsg, and mean meridional circulation Alyp. (b),(d)
Decomposition of net energy input Alyg contribution to storm track intensity anomaly into atmospheric short-
wave absorption Alswaps, surface heat flux Algyp, outgoing longwave radiation Alopr, and atmospheric
storage Al Data from Isca simulations with (top) 50 and (bottom) 5 m slab-ocean mixed layer depth.

where C=dp,c, is the effective (ocean plus atmo-
sphere) heat capacity, « is the planetary albedo, Q is
the seasonally evolving solar insolation, A + BT is a
parameterization of OLR, D.ppy, is the total diffusivity
(Wm 2K "). We used the following parameter values:
A =210Wm? B =2Wm K", and a« = 03.
Following Mbengue and Schneider (2018), the total
diffusivity is

chm(d)’ ¢h) = Dx + (Dt - DX)S(d)’ th)v

where ¢, = 25° is the Hadley cell edge, D, = 1.6Wm 2K™!
is the extratropical diffusivity, D, = 32Wm 2K ! is
the tropical diffusivity, and S(¢, ¢,) = (1/2)(1 — tanh
{ml(& = b)/y]} tanh{w( + )/, ]}).

The EBM is a dry model; thus, the storm track is defined
differently than in the MSE framework. The storm track
position ¢, is defined as the latitude where the extra-
tropical eddy energy flux divergence is zero; that is,
(0/a¢)[cos p(0Ts/d¢)]|, = 0. The storm track intensity
Igpy is the value of extratropical energy flux at the storm

(10)

track position; that is, Iegy = —27a? €08 ¢5 Depn (0 T,/ 3¢h)] .
In the EBM, TOA energy balance means that the in-
tensity can be decomposed as follows:

Algpy = Ay = AL, — Al yryy s

(11)

where AITOA and AICdT/dt are the TOA radiation and
the effective storage contributions, respectively. In
the EBM the mixed layer depth controls the effective
storage contribution, which cannot be separated into
surface flux (ocean storage) and atmospheric storage
contributions because the EBM is based on TOA
energy balance.

4. Results

a. 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
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FIG. 4. Decomposition of surface heat flux contribution to storm track intensity as an anomaly relative to the
annual-mean Alsyp into contributions by latent heat flux Aljqy, sensible heat flux Alg,qx, and surface longwave
radiation Alyw,, . Data from Isca simulations with (a) 50 and (b) 5 m slab-ocean mixed layer depth.

fluxes are of similar magnitude, that is, AFtoa ~ AFsrc
(Fig. 2a), and net energy input is small (Fig. 2b).
Shortwave absorption is 5 months out of phase with
surface heat fluxes (Fig. 2c). This agrees well with the
hypothesized 6-month phase lag between shortwave
absorption and surface heat fluxes for large mixed layer
depth. The 1-month discrepancy is attributed to the
small but nonzero OLR contribution [see (6)]. Thus, the

simulations confirm the large mixed layer depth hy-
pothesis 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, that is,
AFtoa > AFsgc (Fig. 2a), and net energy input is large
(Fig. 2b). The change in surface flux with mixed layer
depth is not associated with surface shortwave radiation
(cf. blue and dashed red lines, Fig. 2a). Furthermore,

(a) Al (b) Alym
61 —— 50m 6] —— 50m
4 --+-- HCe20d50m 44 --=-- HCe20d50m
2] 2

R — : 0 i
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FIG. 5. (top) Seasonal evolution of (a) storm track intensity A/ as an anomaly relative to the annual mean and
(b) contribution from mean meridional circulation Alyp 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). (bottom) Seasonal
evolution of (c) storm track intensity A/ as an anomaly relative to the annual mean and (d) contribution from mean
meridional circulation with 5m 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.
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shortwave absorption is in phase with surface heat fluxes
(Fig. 2c) for small mixed layer depth. Thus, the simula-
tions also confirm the small mixed layer depth hypothe-
sis 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 6.5m (black vertical line, Fig. 2b).
This agrees well with the 10 m scaling estimate [see (8)].

In what follows, we choose 5 and 50m as representa-
tive 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 ab-
sorption (blue triangles, Figs. 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 absorp-
tion (red triangles, Figs. 2b,c).

1) EFFECT OF MIXED LAYER DEPTH ON STORM
TRACK INTENSITY

The slab-ocean aquaplanet simulations with large
mixed layer depth exhibit small seasonality of storm
track intensity (red line, Fig. 3a) following small sea-
sonality of net energy input (magenta line, Fig. 3a). The
seasonality of net energy input is small because short-
wave absorption is out of phase with surface heat fluxes
and OLR (cf. orange, blue and green lines, Fig. 3b). The
surface heat flux seasonality is dominated by the latent
heat flux contribution (Fig. 4a). In addition, the mean
meridional circulation (green line, Fig. 3a), stationary
eddy (blue line, Fig. 3a), and atmospheric storage (black
line, Fig. 3b) contributions are small. Thus, the simula-
tions 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¢) following the large seasonality of net
energy input (magenta line, Fig. 3c). Net energy input is
large because shortwave absorption is in phase with sur-
face heat fluxes (cf. orange and blue lines, Fig. 3d). The
surface heat flux seasonality is very large and dominated
by the latent heat flux contribution (Fig. 4b). However,
contrary to the assumptions underlying our hypothesis
the mean meridional circulation (green line, Fig. 3¢c) and
atmospheric storage (black line, Fig. 3d) contributions
are large. Thus, the simulations do not exactly confirm the
intensity hypothesis for small 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
storm track intensity; the mean meridional circulation
and atmospheric storage contributions are both impor-
tant. The large atmospheric storage contribution with
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and (c) thermodynamic ([v],A([77])) contributions for Isca simulation
with 5 m slab-ocean mixed layer depth.

small mixed layer depth is consistent with the seasonal
amplitude of atmospheric temperature increasing with
decreasing mixed layer depth (Donohoe et al. 2014).
To better understand the mean meridional circulation
contribution to storm track intensity for small mixed
layer depth, we consider two additional questions: 1)
Is the mean meridional circulation contribution driven
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locally by Ferrel cell dynamics or nonlocally via inter-
actions with the Hadley cell, and 2) is the seasonality of
the mean meridional circulation MSE flux associated
with thermodynamic or dynamic changes?

To quantify the role of nonlocal Hadley cell sea-
sonality for the mean meridional MSE flux in the
extratropics, we configure two additional slab-ocean
aquaplanet simulations: 1) 5m mixed layer depth in
the tropics (20°S-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 storm track intensity and mean me-
ridional circulation contribution are mostly independent
of tropical mixed layer depth (Fig. 5). Thus, local Ferrel
cell dynamics control the mean meridional circulation
contribution to storm track intensity for small mixed
layer depth.

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); that is,

A{[e][m]) = {((A[wD[m],) + ([v], A((m])),

Thermodynamic

(12)

Dynamic

where [m], and [v], are annual, zonal-mean MSE and
meridional wind, respectively. Overall, the dynamic
contribution dominates over the thermodynamic con-
tribution for small mixed layer depth (Fig. 6). Thus, the
seasonal dynamical changes in the Ferrel cell are im-
portant for storm track intensity in the limit of small
mixed layer depth.

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 et al. 2003;
Schneider and Bordoni 2008):
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layer depth.

where fis the Coriolis parameter, { is relative vorticity,
and o is vertical velocity. Overall, the transient eddy
component [vrg | dominates the seasonality of the mean
meridional flow (Ferrel cell) in the upper troposphere
(250 hPa) for small mixed layer depth (Fig. 7) consistent
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with previous work (Bordoni and Schneider 2008). The
mean meridional flow in the upper troposphere reaches
its extremum during April (Fig. 7a) consistent with the
mean meridional circulation contribution to storm
track intensity (green line, Fig. 3c). According to the
momentum budget decomposition, the mean meridi-
onal flow extremum in April is due to both the tran-
sient eddy [vrg] and mean meridional circulation
[mn] contributions.

2) EFFECT OF MIXED LAYER DEPTH ON STORM
TRACK POSITION

The slab-ocean aquaplanet simulations with large
mixed layer depth exhibit small seasonal storm track
shift (red line, Fig. 8a) following the small seasonality of
net energy input (magenta, Fig. 8a). The mean meridi-
onal circulation (green line, Fig. 8a), stationary eddy
(blue line, Fig. 8a) and atmospheric storage (black line,
Fig. 8a) contributions are small. Thus, the simulations
confirm the storm track position hypothesis for the large
mixed layer depth limit.

The slab-ocean aquaplanet simulations with small
mixed layer depth exhibit a large seasonal storm
track shift (red line, Fig. 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. 8b)
and cross term (black line, Fig. 8b) contributions are
not small.

To avoid large shifts and a breakdown of the MSE
framework, we quantify the seasonal storm track shift
between large (50m) and intermediate (10m) mixed
layer depths. Since the annual-mean storm track po-
sition 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—
August) and the mean meridional circulation contri-
bution dominates during November (Fig. 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 storm track, the
mean meridional circulation contribution is also im-
portant and is dominated by seasonal dynamical
changes in the Ferrel cell.

3) CONNECTION TO THE OBSERVED STORM
TRACKS

The storm track seasonality for the slab-ocean
aquaplanet simulation with large mixed layer depth
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exhibits several similarities with the SH storm track
on Earth. First, the large mixed layer depth simula-
tion reproduces the small seasonality of storm track
intensity and position (cf. red lines, Figs. 1a, 3a, and
8a) associated with the small seasonality of net energy
input (cf. magenta lines, Figs. 1a and 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 (cf. orange and blue
lines, Figs. 1c and 3b). However, the amplitudes of the
OLR and surface heat flux contributions to intensity
for the large mixed layer depth simulation are dif-
ferent than those in the SH (cf. green and blue lines,
Figs. 1c and 3b). More specifically, the surface heat
flux contribution is larger than the OLR contribution
in the SH, whereas the opposite is true for the large
mixed layer depth simulation.

Intensity for d =50 m
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An important difference between the SH and an
aquaplanet simulation with large mixed layer depth is
Antarctica. To test whether Antarctica is important
for storm track seasonality in the SH, we configured
a simulation with a large mixed layer depth (50m) and a
polar region that mimics Antarctica. The Antarctic re-
gion is mimicked by a region with high albedo (« = 0.7)
small mixed layer depth (2m) and zero latent heat flux
poleward of 55° (latent heat flux is multiplied by 8 = 0
poleward of 55°). The seasonal storm track intensity
with a polar region that mimics Antarctica exhibits an
OLR contribution that is larger than the surface heat
flux contribution consistent with the SH (Fig. 9). Thus,
the storm track 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 storm track.

The storm track seasonality for the small mixed layer
depth slab-ocean aquaplanet simulation is large similar
to the NH storm track (cf. red lines, Figs. 1b, 3c, and 8b)
and associated with the large seasonality of net energy
input (cf. magenta lines, Figs. 1b and 3c). However,
there are also important differences. First, net energy
input seasonality dominates the intensity in the NH
whereas in the aquaplanet simulations with small mixed
layer depth, net energy input and mean meridional cir-
culation play an equal role (cf. magenta and green lines,
Figs. 1b and 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

(b) Shift for d = 50 m

15
6 —— Aljseq —— AQlsca
10
4 —— Alggm | —— A¢epm
2 §5
o —— —1 & e
20 P e ~
-2
% —5
4 T
—-10
-6
—-15
J F M A M J J A S O N D ] J FM A M J J A S O N D ]

Intensity ford =5m

6
4
2
0 A

—_— Allsctz

—— AIEBM

F M A M J J A S O N D

Shift ford =5m

—
=
Q

=

15
— A¢I sca

—— AdepMm

—

a

deg poleward

-10

-15

F M A M J J A S O N D
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those in the NH (cf. blue, green, and black lines, Figs. 1d
and 3d). Third, while the seasonality of storm track in-
tensity 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 sta-
tionary eddy contribution opposes the seasonality of
storm track intensity (blue and red lines, Fig. 1b), con-
sistent with stationary eddies generating downgradient
MSE fluxes, and accounts for a midwinter minimum.
Whereas for the small mixed layer depth, the mean me-
ridional circulation is approximately in phase with storm
track intensity (green and red lines, Fig. 3c), consistent
with the Ferrel cell generating upgradient MSE fluxes,
and there is no midwinter minimum (Figs. 3c and C1 and
C2 in appendix C). Thus, the NH and aquaplanet simu-
lation with small mixed layer depth are in different re-
gimes. Similar differences occur for storm track position.

b. Connecting the aquaplanet and EBM results

As discussed in the introduction, several storm
track frameworks are based on mean temperature.

Unfortunately, those frameworks do not predict
temperature and do not include external parame-
ters such as mixed layer depth. Thus, it is difficult to
interpret the aquaplanet simulations using mean
frameworks. To get around this issue we use an EBM
because it depends on mixed layer depth and it pre-
dicts mean surface temperature (see section 3b).
Here we quantify how varying the mixed layer depth
in the EBM affects 1) storm track 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 storm track
seasonality. Since the mixed layer depth controls the
effective storage [sum of surface fluxes (ocean storage)
and atmospheric storage in the aquaplanet] in the
EBM we use the EBM intensity decomposition [see
(11)] when comparing it to the aquaplanet.

1) EFFECT OF MIXED LAYER DEPTH ON STORM
TRACK AND COMPARISON WITH AQUAPLANET

The EBM with large mixed layer depth exhibits
small seasonality of storm track intensity and position



FEBRUARY 2020 BARPANDA AND SHAW 765

(a) 6 DSE Intensity for d = 50 m (b) 6 DSE Intensity ford = 5m
4 4
2 2 —— Alpsg
& B am—
o D e
_2 -2
—— —D,(AG)
—4 —4
76FMAM]]ASOND 76FMAM]]ASOND
(©) 15 DSE Shift for 50 m (d) DSE Shift for d = 5m
10

10
o] o —_—
§ 5 =] Adpsp
2
o . o
'—o‘ 0 —_— '—o* 0N /\ P *A(;DD
R = S -
3 $-5
ks o] —Ag¢q
-10
-10
—-15

FMAMIJ J ASOND FMAM] J ASOND

FIG. 12. Decomposition of storm track (a),(b) intensity and (c),(d) position defined using transient eddy DSE flux
Alpsg as an anomaly relative to the annual mean into contribution from changes in diffusivity [—(AD)G,, A¢p],
and changes in gradient [—D,(AG), A¢g]. Data from Isca simulations with (left) 50 and (right) 5m slab-ocean
mixed layer depth.

consistent with the aquaplanet (cf. black and red consistent with the aquaplanet (cf. magenta lines,
lines, Figs. 10a,b). The small seasonality of storm track  Figs. 11a,b). The net energy input seasonality is small
intensity in the EBM with large mixed layer depth because effective storage damps TOA radiation (cf.
is associated with small net energy input seasonality orange and black lines, Figs. 11a,b). In the aquaplanet

(@) DSE Intensity (SH) (b) DSE Intensity (NH)
2 2
1 1
— Alpsg
g 0\\ — Z o —
= W g W —— —(AD)Ga
-1 -1 ——— D, (AG)
-2 -2
] FMAMJ J] A S OND J J FMAM ] J A S OND |
(©) DSE Shift (SH) @ DSE Shift (NH)
6 6
el o e A
b= 4 =] 4 A¢DSE
z 2 z 2
2 0/::\._—\ ’o/ﬁém L 9
o) o \ —A¢p
A2 Q2
I )
&P —4 804
= T Agg
78]FMAM]]ASOND] 78]FMAM]]ASOND]

FIG. 13. Decomposition of storm track (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)G,, A¢p] and
changes in gradient [—D,(AG), Adg]. (left) SH and (right) NH for ERA-Interim.



766

EBM Temp, 50 m

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 77

(b)

Isca Temp, 50 m

28

0]FMAM]]ASOND]

EBM Temp, 5 m

latitude

0] FMAMIJ JASONDPD  ]J

q:ﬂ«

x®
o

(o))
o

latitude

B
(e}

20

0]FMAM]]ASOND]

Isca Temp, 5 m

0]FMAM]]ASOND]

FIG. 14. Seasonal evolution of mean surface temperature for (a),(c) EBM and (b),(d) Isca simulations with (top)
50 and (bottom) 5 m mixed layer depth. White lines show the storm track position.

the effective storage is dominated by surface fluxes
(cf. black and blue lines, Fig. 11b); that is, atmospheric
storage is small. Thus, the compensation of TOA ra-
diation by effective storage reflects the compensa-
tion of TOA radiation by surface fluxes (Fig. 2a),
which is consistent with the large mixed layer depth
hypothesis.

The EBM with small mixed layer depth exhibits
large seasonality of storm track intensity and position
consistent with the aquaplanet (cf. black and red
lines, Figs. 10c,d). The large storm track seasonal
intensity in the EBM is associated with large net en-
ergy input seasonality (Figs. 11c,d). The net energy
input seasonality is large for small mixed layer depth
because the effective storage contribution is phase-
shifted by 1 month relative to the large mixed layer
depth (cf. orange and black lines, Figs. 11a,c). In the
aquaplanet the changes in seasonality of effective
storage from large to small mixed layer depth reflect
1) a larger atmospheric storage contribution (dif-
ference between black and blue lines, Figs. 11b,d)
and 2) a 1-month phase-shift of the surface flux
contribution (cf. blue lines, Figs. 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, Figs. 2a.c),

which is consistent with the small mixed layer depth
hypothesis.

While the EBM qualitatively captures the mixed
layer depth dependence of storm track seasonality
in the aquaplanet, it does not capture the quantita-
tive behavior. In particular, the seasonality of storm
track intensity and position in the aquaplanet are
delayed relative to the EBM for small mixed layer
depth (cf. black and red lines, Fig. 10). To better
understand the different storm track seasonality in
the aquaplanet and EBM we diagnose the aquaplanet
diffusivity:

_ 2macos ([vs'])
T
a d¢p|925hPa

D= (14)

where s is dry static energy (DSE). We focus on DSE be-
cause the EBM is a dry model. We separate storm track
intensity anomalies relative to the annual mean into
gradient and diffusivity contributions:

Al

st ~ —D,(AG) - (AD)G,,

(15)

where the subscript “a’ refers to the annual-mean value
and G is the meridional DSE gradient at 925hPa.



FEBRUARY 2020

According to the EBM the gradient term should domi-
nate [first term on the right-hand side of (15)]. The de-
composition shows that diffusivity changes dominate
storm track seasonality in the aquaplanet with large
mixed layer depth (red line, Fig. 12a) similar to the SH
(red line, Fig. 13a). Gradient and diffusivity changes
are important in the aquaplanet with small mixed
layer depth (red and blue lines, Fig. 12b) similar to the
NH (red line, Fig. 13b). They lead to a delay of storm
track intensity relative to TOA radiation. Recall that
the delayed storm track intensity in the aquaplanet
with small mixed layer depth was associated with the
mean meridional circulation contribution (green line,
Fig. 3¢). This suggests that the EBM does not capture
the delayed seasonality of storm track intensity in the
aquaplanet because it does not include dynamical
feedbacks.

The seasonal storm track shift in the aquaplanet
can also be decomposed into gradient and diffusivity
contributions. In particular, the seasonal evolution of
the transient eddy DSE flux divergence relative to the
annual mean is

AFp pep =~ —0,(D,AG) =3 (GAD) . (16)
AF, AF,

G D

such that the storm track shift A¢ can be decom-
posed as

Ap~Ad, +Ad,, (17)

where

Ap.=¢,— ¢, where (FTE’DSE’a + AFG)|¢G =0, (18)
Ad,=¢, — ¢, where (Frppep, + AFD)|¢D =0, (19)

and ¢, is the annual-mean storm track position.
Diffusivity changes dominate the seasonal storm track
shift for large and small mixed layer depths (Figs. 12¢,d).
They also dominate seasonal shifts in the SH and NH
(Figs. 13c,d). This suggests that the EBM does not
capture the delayed seasonality of storm track position
in the aquaplanet because it does not include dynamical
feedbacks.

2) 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. 14).
This suggests that one could interpret the mixed layer
depth control on storm track seasonality via surface
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baroclinity. However, the EBM does not quantita-
tively capture the mean surface temperature season-
ality in the aquaplanet. In particular, the temperature
in the aquaplanet is delayed relative to the EBM in
the limit of small mixed layer depth (Figs. 14c,d). The
mean surface temperature delay in the aquaplanet
is also consistent with delayed storm track season-
ality. Since the thermodynamic component of the
mean meridional circulation contribution to storm
track intensity is small (Fig. 6¢) the results suggest
that the storm track feeds back on the mean surface
temperature in the aquaplanet, which is not ac-
counted for in the EBM. Thus, the storm track and
mean surface temperature are responding to changes in
mixed layer depth in the aquaplanet and also influencing
each other.

5. Conclusions and discussion
a. Conclusions

Previous work has shown that the observed hemi-
spheric differences in storm track seasonality cannot be
explained by insolation alone (B17 and S18). Diagnostic
analysis using the MSE framework for zonal-mean
storm tracks suggested an important role for differences
in surface heat flux (S18). Here we consider the causal
role of surface fluxes in determining the intensity and
position of the zonal-mean storm tracks. 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 storage do
not contribute to storm track seasonality, we hypothe-
size that surface fluxes modulate storm tracks 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 season-
ality is small, surface heat fluxes are out of phase with
shortwave absorption and storm track 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 storm
track seasonality is large.

Using a scaling analysis of the MSE budget, we
estimate a critical mixed layer depth ~10m separates
these two limits [see (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 storm track and mean surface
temperature seasonality in an EBM.
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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 storm track seasonality is
small. The stationary circulation and atmospheric
storage contributions are also small. The simula-
tions 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 absorp-
tion and storm track seasonality is large. However,
the hypothesis fails 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 aspects of the zonal-
mean storm track in the SH, that is, small seasonality
of net energy input, surface heat fluxes that are out of
phase with shortwave absorption, small seasonality of
storm track 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 simulation 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 contribu-
tions to storm track intensity.

The slab-ocean aquaplanet simulation with small
mixed layer depth captures some aspects of the zonal-
mean storm track in the NH, that is, large seasonality of
net energy input, surface heat fluxes that are in phase
with shortwave absorption and large seasonality of storm
track intensity, position and mean surface temperature.
However, the detailed evolution is different from the
zonal-mean storm track in the NH. In particular, atmo-
spheric storage is much larger in the aquaplanet consistent
with the seasonal amplitude of atmospheric temperature
increasing with decreasing mixed layer depth (Donohoe
et al. 2014). Furthermore, the NH stationary eddies oppose
storm track seasonality, consistent with stationary eddies
generating downgradient MSE fluxes. Whereas in the
aquaplanet with small mixed layer depth, the mean me-
ridional circulation contribution is in phase with storm
track intensity consistent with the Ferrel cell generating
upgradient MSE fluxes. We show that the mean meridi-
onal circulation contribution in the small mixed layer
depth simulation arises from dynamical (eddy momen-
tum flux divergence) changes in the Ferrel cell and not
from interactions with the Hadley cell.

We focused on the MSE framework for storm tracks
because external parameters such as insolation and mixed
layer depth do not appear in mean thermodynamic
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frameworks. Instead we showed that an EBM can be
used to understand the impact of mixed layer depth
on the seasonality of the storm track and mean sur-
face temperature in the aquaplanet qualitatively.
More specifically, the EBM captures the large storm
track and mean surface temperature seasonality for
small mixed layer depth and small storm track and
mean temperature seasonality for large mixed layer
depth. However, a detailed comparison with the aqua-
planet revealed that the EBM could not quantitatively
capture the seasonality in the aquaplanet because it
assumes constant annual-mean diffusivity. The diffusiv-
ity changes in the aquaplanet are likely related to the
interactions between the storm track and mean meridi-
onal circulation.

b. Discussion

Previous work using reanalysis data suggested the
hemispheric difference in zonal-mean storm track sea-
sonality is connected to hemispheric differences in mean
surface temperature seasonality (O’Gorman 2010).
However, mean surface temperature is not an external
parameter. Our EBM suggests the underlying reason
for the different mean surface temperature season-
ality is most likely hemispheric differences in surface
heat capacity (mixed layer depth). Furthermore, since
the aquaplanet and EBM results show the feedback of
the storm track 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 ideali-
zation of the NH storm track. Donohoe and 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
storm track. It may also better capture the role of
stationary eddies, which generate downgradient MSE
fluxes and are important for storm track seasonality in
the NH. Quantifying the impact of a zonally dependent
mixed layer depth is work in progress.

We show that dynamical changes in the Ferrel cell
affect the seasonality of storm tracks 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 and Shaw (2018) has
made progress in this direction but more work is needed.
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Alternatively, one could transform to potential tem-
perature coordinates to remove the Ferrel cell, but this
complicates the surface boundary condition (Held and
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 trans-
port does not change the conclusions (not shown).
However, recent observations show that the mixed layer
depth in the SH varies seasonally between 30 and 160 m
(see appendix D, Fig. D1; Holte et al. 2017), which is
greater than the critical depth (10 m). Thus, we do not
expect the seasonal variations will affect our conclu-
sions. Nevertheless, the impact of mixed layer depth
seasonality will be quantified in future work.

Opverall, our results show that surface fluxes modulate
the seasonal evolution of zonal-mean storm tracks and
provide an explanation for the small storm track sea-
sonality in the SH. An assessment of the importance
of surface fluxes for the storm track response to forc-
ings on other time scales (increased CO,, Last Glacial
Maximum and Snowball Earth) is work in progress.
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APPENDIX A

Comparison of Storm Track Metrics

In the MSE framework, storm tracks are defined using a
monthly average. Defining the storm track using a monthly
average is qualitatively similar to defining them using a
10-day high-pass filter (cf. solid and dashed red lines,
Figs. Al and A2). More specifically, the quasi-stationary
(10-30-day filtered) transient eddy contribution is very
small (blue lines, Figs. Al and A2).
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==== 10 day higpass TE MSE flux [PW]
—— 10 - 30 day filtered TE MSE flux [PW]
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FIG. Al. Seasonal storm track 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-filtered
MSE flux (dashed red), 10-30-day-filtered MSE flux (blue), and eddy kinetic energy (black). Data are from Isca
simulations with (a) 50 and (b) 5 m slab-ocean mixed layer depth.
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FIG. A2. As in Fig. A1, but for GFDL simulations.
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APPENDIX B

GFDL AM2

We performed zonally symmetric slab-ocean aquaplanet
simulations using GFDL Atmospheric Model 2 (AM2) to
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VOLUME 77

corroborate our results from the Isca model (Figs. B1-B11).
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.

Fsrc, Froa seasonal amplitude

1235 81012 16 20 30 50 80 100
FnE seasonal amplitude
—— AFNE
S
i %’\\A
-
1235 81012 16 20 30 50 80 100
Seasonal phase lag
> /9
—6— AFsyrand AFswaps
-—-Cr- AFSW:fc and AFSWTOA
2 -G -- -- -- -- -- -- ---©

1235 81012 16 20

F1G. B1.

50
Mixed layer depth

80 100

As in Fig. 2, but for GFDL simulations.
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F1G. B5. As in Fig. 7, but for GFDL simulations.
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APPENDIX C

Midwinter Minimum

We found no midwinter minimum in our zonally
symmetric slab-ocean aquaplanet simulations for
large and small mixed layer depths for both Isca
(Fig. C1) and GFDL (Fig. C2) simulations. In con-
trast, the zonal-mean storm track exhibits a very clear
midwinter minimum in the NH (Fig. 1b). In particular,
the storm track is weak when net energy input sug-
gests it should be large (cf. red and magenta lines,

AND SHAW 777

Fig. 1b) because of the compensating behavior of
stationary eddies (blue line, Fig. 1b).

Recent studies reported midwinter minimums in zon-
ally symmetric GCMs. For example, Yuval and Kaspi
(2018) reported a midwinter minimum when prescrib-
ing the vertical temperature structure of the North
Pacific sector in a zonally symmetric dry dynamical
core. Once again it is difficult to interpret those re-
sults because the seasonal-mean temperature—storm
track relationship is not causal. Novak et al. (2020)
reported a midwinter minimum in slab-ocean aqua-
planet simulations with gray radiation with varied
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FIG. C1. Seasonal evolution of (a),(b) vertically integrated 10-day high-pass-filtered eddy kinetic energy (EKE),
(c),(d) Richardson number as defined in Nakamura (1992), and (e),(f) vertically integrated transient eddy MSE
flux. Data are from Isca simulations for (left) 50 and (right) 5 m slab-ocean mixed layer depth.
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ocean energy transport. While their aquaplanet set up
is similar to the one used here, we could not repro-
duce their results with RRTMG or gray radiation.

APPENDIX D

Seasonal Evolution of SH Mixed Layer Depth

The SH mixed layer depth based on density profiles
from Holte et al. (2017) varies between 30 and 160 m in
the extratropics (Fig. D1). This suggests that the mixed
layer depth in the SH exceeds the critical depth of ~10m
[see (8)] throughout the seasonal cycle.

degree South

Months

FI1G. D1. Seasonal evolution of zonal-mean and monthly mean
mixed layer depth in the Southern Hemisphere based on density
profiles. Data are obtained from a database of mixed layer prop-
erties computed from nearly 1250 000 delayed-mode and real-time
Argo profiles collected from 2000 to the present (Holte et al. 2017).
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